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ABSTRACT
Identification of Sinorhizobium meliloti Genes that Determine Fitness Outcomes
Alexander B. Benedict
Department of Microbiology and Molecular Biology, BYU
Doctor of Philosophy
The remarkable metabolic capacity of the soil-dwelling bacterium Sinorhizobium meliloti is
encoded on its three circular replicons: the chromosome and two large megaplasmids, pSymA
and pSymB. Despite making up 45% of the genome, the pSymA and pSymB megaplasmids can
be cured from S. meliloti. This unique attribute provides an opportunity to study the essentiality
of chromosomal genes in the presence or absence of nearly half the genome. By interrogating
chromosomal genes via massively parallel transposon insertion sequencing (Tn-seq) in the
presence and absence of pSymA and pSymB, we identified 307 genes as being essential for
viability regardless of the genomic context and 104 genes as being essential specifically when
the megaplasmids are absent. We also found that ten percent of genes encoded on the
chromosome genetically interact with genes on pSymA and pSymB. In addition, Tn-seq data
were utilized to significantly refine a metabolic model of S. meliloti, facilitating more accurate
fitness predictions in user-defined nutrient and genetic contexts. Furthermore, the development
of a library of barcoded transposon insertion (BarSeq) mutants has enabled us to identify genes
that are essential for robust growth in hundreds of nutrient environments simultaneously. This
will greatly assist efforts to assign more specific functions to the ~30% of S. meliloti genes that
have remained uncharacterized over the years.
S. meliloti has been studied for decades as a model organism for symbiotic communication.
Its legume host, Medicago truncatula, provides fixed carbon for the bacteria in order to receive
fixed nitrogen in return. The molecular dialogue between S. meliloti and M. truncatula, initiates
and controls each stage of symbiotic development. When inside host cells, intracellular bacteria
are subjected to an arsenal of plant-derived Nodule-specific Cysteine-Rich (NCR) peptides that
induce significant morphological changes prior to nitrogen fixation. It was previously shown that
a bacterial peptidase, HrrP, present in about 10% of S. meliloti isolates, could degrade hostderived peptides and give the bacterial symbionts greater fitness at the expense of the host. In a
screen through peptidases conserved throughout the core S. meliloti genome, we identified one
peptidase (sapA) that, when overexpressed, significantly modulates symbiotic outcome. In a
manner similar to HrrP, SapA degrades NCR peptides in vitro. Additionally, expression of sapA
seems to occur specifically inside the plant host providing compelling evidence that some
rhizobial peptidases may have evolved away from housekeeping and toward symbiotic functions.

Keywords: genetic interaction, NCR peptide, recombinant protein expression
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Chapter 1: Introduction
1.1 Summary
This introductory chapter is divided into two parts that give broader context to Chapters 2
and 3. While these chapters describe very distinct projects, the thematic connection between
them is the identification of Sinorhizobium meliloti genes that determine fitness outcomes.
Sections 1.2 through 1.5 introduce Chapter 2 (bacterial genome characteristics, genetic
interactions, essential genes) and sections 1.6 through 1.8 introduce Chapter 3 (plant-microbe
interactions, the Sinorhizobium meliloti – Medicago truncatula symbiosis, NCR peptides).
1.2 A brief introduction to bacterial genome diversity
1.2.1 General characteristics of bacterial genomes
In the ~3.5 billion years since the last common bacterial ancestor, bacteria have become the
most abundant and metabolically diverse domain of life1-4. The “operating system” that gives rise
to the diverse functions necessary for bacteria to inhabit nearly every environment on the planet
is their genome. Environments with complex and variable nutrient profiles, like soil, tend to be
inhabited by bacteria with larger genomes that encode a greater variety of metabolic pathways5.
Known bacterial genomes are as small as 105 kb or as large as 16 Mb with an average size of
4.12 Mb. Genomes are contained within a single or multiple autonomously replicating DNA
fragments (replicons). Approximately 44% of fully sequenced bacteria in the NCBI database
have genomes that are composed of more than one replicon. While this multi-replicon genomic
architecture is present throughout bacterial phyla, it seems to be more common in soil- and
marine-dwelling species6. Genomic GC content varies from 13.5% up to 76.2% with a slight
positive correlation between higher GC content and larger genome size. It has been suggested
1

that a higher abundance of AT-rich organisms live in nutrient-poor environments, perhaps
because G and C nucleotides are more energetically costly to produce7,8. The distribution of
genome sizes, GC content, and number of replicons of all fully sequenced bacteria to date
(25,838) is depicted in Figure 1-1. The average protein coding gene is ~1 kb in length and
bacterial genomes encode roughly 5,000 genes, though they can possess as few as 137 and up to
14,0189-11. The density of protein coding sequences in bacterial genomes is, on average, 87%
though this can be much lower (<40%) in host-associated bacteria9. By comparison, protein
coding sequence density in human and mouse genomes is ~1.5% each12,13.

Figure 1-1. Distribution of genome size, GC content, and number of replicons in all fully sequenced bacteria to date.
(a) GC content percentages are grouped as indicated on the y-axis and the number of bacterial strains that fall into
each grouping is represented on the x-axis. (b) Ranges of genome sizes are grouped as indicated on the y-axis and
the number of bacterial strains that fall into each grouping is represented on the x-axis. (c) Number of replicons is
indicated on the y-axis and the number of strains that possess that many replicons on the x-axis. (d) Correlation
between % GC content (y-axis) and genome size (x-axis).
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1.2.2 Bacterial genomic diversity though mutation and horizontal gene transfer
A newly divided daughter cell inherits an ancestral genome through vertical gene transfer.
Prior to cell division, spontaneous point mutations that occur during replication can influence
gene function or expression in daughter cells which may, in turn, affect overall cellular or
ecological fitness14,15. The accumulation of these mutations over evolutionary time leads to
divergence, but would not likely enable a species to inhabit a niche much different from their
native environment16. An important source of natural genetic variation in this regard is the
movement of mobilizable DNA through horizontal (or lateral) gene transfer (HGT). Mobilization
of DNA often occurs in response to environmental cues (e.g., stressors, low nutrients, and
quorum-sensing molecules)17,18 and is mediated by conjugation, transduction, and
transformation. Many studies show that the acquisition of foreign genetic material can enable a
bacterial species to inhabit new environmental niches or persist in the presence of toxic stressors
like antibiotics or heavy metals16,19. HGT can account for a significant portion of protein coding
genes in an organism (up to 14%) and is commonly detected by comparative differences from
average GC content, codon bias, or phylogenetic deviations20-22. It has been suggested that the
most prevalent and important mechanism of HGT, especially across distantly related species, is
conjugation23-25 and the most abundant conjugative elements in prokaryotes are the integrative
and conjugative elements (ICEs), which include transposons, plasmids, genomic/pathogenicity
islands, and other less-characterized elements19,23,26. Common features of ICEs are their
introduction by conjugation and integration through site-specific recombination, frequently at
tRNA and tmRNA gene loci27,28. While these genetic elements account for much of the gain of
DNA within an organism, the mechanisms for gene loss are less clear. Explanations for gene
loss, however, typically involve changes to the environment which can place selective pressures
3

against genes that become harmful or are no longer needed29,30. Examples of this are especially
prevalent in obligate host-associated bacteria, where a stable and nutrient-rich environment is
provided by the host. In this environmental context, many biosynthetic pathways encoded in the
bacteria become superfluous and are gradually removed through mutation31,32.
1.3 Comparative genomics to explore fundamental bacterial functions
Haemophilus influenzae and Mycoplasma genitalium were the first two organisms to have
their genomes fully sequenced, and a comparison of these two genomes yielded valuable
insights33,34. For example, it was observed that the size of an organism’s genome (580 kb for M.
genitalium vs 1.83 Mb for H. influenzae) does not necessarily affect the protein-coding density
of that organism nor the average length of a typical protein-coding gene. In addition, functions
already known to be important for cell viability were shown to be conserved in both species (see
Table 1-1 from their study) though the number devoted to each functional category differed by
organism.
Advances in sequencing technologies have led to the addition of over 25,000 fully
sequenced bacteria to the NCBI database. Determining the cellular functions common to all
bacteria can potentially highlight which processes are most critical for life but the challenge of
this task, however, is underscored by the amount of genetic diversity that can exist within a
single species. To illustrate, when 2,000 E. coli genomes were compared a pan-genome of
89,000 gene families were observed with a core-genome of 3,100 gene families9. A comparison
of complete genome sequences from 3,508 different bacterial species (between 43 phyla)
identified a much smaller core-gene set comprised of 81 genes14. One potential limitation of
multi-species comparisons is highlighted by the fact that these 81 genes do not encompass all
functions commonly understood to be critical for viability. There is, for example, a significant
4

Table 1-1. Summary of gene content in H. influenzae and M. genitalium sorted by functions.
H. influenzae1
68 (6.8)
54 (5.4)
84 (8.3)
53 (5.3)
16
5
6
3
15
8
30 (3)
112 (10.4)
4
4
24
9
9
9
8
2
10
3
4
15
11
25 (2.5)
53 (5.3)
8
3
18
5
13
6
64 (6.3)
87 (8.6)
8
76

Biological role
Amino acid biosynthesis
Biosynthesis of cofactors
Cell envelope
Cellular processes
Cell division
Cell killing
Chaperones
Detoxification
Protein secretion
Transformation
Central intermediary metabolism
Energy metabolism
Aerobic
Amino acids and amines
Anaerobic
ATP-proton force interconversion
Electron transport
Entner-Doudoroff
Fermentation
Gluconeogenesis
Glycolysis
Pentose phosphate pathway
Pyruvate dehydrogenase
Sugars
TCA cycle
Fatty acid and phospholipid metabolism
Purines, pyrimidines, nucleosides, and nucleotides
2'-Deoxyribonucleotide metabolism
Nucleotide and nucleoside interconversions
Purine ribonucleotide biosynthesis
Pyrimidine ribonucleotide biosynthesis
Salvage of nucleosides and nucleotides
Sugar-nucleotide biosynthesis and conversions
Regulatory functions
Replication
Degradation of DNA
DNA replication, restriction, modification,
recombination, and repair
Transcription
Degradation of RNA
RNA synthesis and modification, DNA
transcription
Translation
Transport and binding proteins
Amino acids and peptides
Anions
Carbohydrates
Cations
Other transporters
Other categories
Unassigned role
No database match
Match hypothetical proteins
1

M. genitalium1
1 (0.3)
5 (1.6)
17 (5.3)
21 (6.6)
4
2
7
1
6
1
6 (1.9)
31 (9.7)
3
0
0
8
0
0
0
0
10
2
4
4
0
6 (1.9)
19 (6.0)
3
1
3
0
10
2
7 (2.2)
32 (10.0)
1
31

27 (2.7)
10
17

12 (3.8)
2
10

141 (14)
123 (12.2)
38
8
30
24
22
93 (9.2)
736 (43)
389
347

101 (31.8)
34 (10.7)
10
3
12
1
8
27 (8.2)
152 (32)
96
56

The number of genes in each functional category is listed for H. influenzae and M. genitalium. The number in
parentheses indicates the percent of the putatively identified genes devoted to each functional category. For the
category of unassigned genes, the percent of the genome indicated in parentheses represents the percent of the total
number of putative coding regions. Data extracted from Fraser et. al 34.
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enrichment for translation functions (80%) while genes encoding carbohydrate metabolism,
energy production, coenzyme metabolism, and signal transduction are absent. These analysis, in
some cases, are better suited for generating highly accurate phylogenetic relationships rather than
a comprehensive list of conserved functions. Divergence, due to mutation, is one explanation for
why identifying functions common to all bacteria by sequence comparison is challenging. This is
illustrated in many studies where, based on the specified cut-off for sequence similarity, genes
may or may not be termed homologous. For example, in a recent computational study examining
over 27,000 bacterial genomes, the authors determined that, on average, 52% of protein coding
genes could be assigned functions based on sequence homology of the entire gene35. This
percentage was increased to 79% when domains within the protein coding region were used to
determine function. A study comparing a combination of genome sequence and knockout data
showed that essential genes are more conserved than non-essential genes over short and long
periods of time36. These findings were reinforced by an analysis of essential and non-essential
genes in 23 species of bacteria37. In addition, the authors found that essential genes that function
in carbohydrate metabolism and transport, coenzyme metabolism, transcription, translation, lipid
metabolism and transport, and replication are typically more evolutionarily conserved than
others.
1.4 Defining essential bacterial genes and designing minimal genomes
1.4.1 Determining essential gene functions
Making single deletions is the gold standard for determining whether a gene is essential3840

. Several single gene deletion libraries of this nature have been made in various organisms

(target genes are replaced in-frame with a selection marker) including, E. coli, Acinetobacter

6

baylyi, Streptococcus sanguinis, and Saccharomyces cerevisiae38,41-44. These studies have been
critical reference points for investigating which functions are essential for cellular life.
Though not considered the “gold standard”, similar, if not equally beneficial, approaches
for genome-wide identification of essential genes in specific organisms include targeted
inactivation by plasmid integration (Bacillus subtilis), RNAi (Caenorhabditis elegans), and
various forms of transposon mutagenesis and insertion sequencing45-47. For decades, research
groups have been utilizing transposons for genotype-phenotype studies in organisms of interest4850

. In 1999, Hutchison et. al. transposon-mutagenized M. genitalium and Mycoplasma

pneumoniae with the goal of determining which genes in these organisms are dispensable,
thereby approximating a minimal set of essential genes required for autonomous cell growth47.
At the time of the study, M. genitalium had the smallest known genome of any free-living cell,
making it a great starting point for paring down an existing genome to the most essential
functions. Because the full genome sequences of both organisms were known, this was a groundbreaking study that provided a global view of essential genes in an organism. They found,
perhaps not surprisingly, that there were more dispensable genes in M. pneumoniae, presumably
due to the higher number of genes overall. It was noted that some genes which were dispensable
in laboratory conditions would likely be important for growth in a host environment. They also
observed that a surprisingly high number of genes with unknown function (and no known
homologs) were non-disruptable in both organisms, suggesting there are likely essential cellular
functions that have not yet been identified.
In a study comparing essential genes in three gammaproteobacteria, A. baylyi with E. coli
and P. aeruginosa, authors showed a significant overlap in genes required for growth (88%
overlap between A. baylyi and E. coli, and 80% overlap between A. baylyi and P. aeruginosa)42.
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Though the overlap of essential genes in these organisms is high, there was a higher percentage
of essential genes in A. baylyi (16%) vs E. coli (7%) and P. aeruginosa (6%). The percentage of
essential genes in these three organisms may slightly be correlated with their total numbers of
genes (3,300 in A. baylyi, 4,000 in E. coli, and 5,600 in P. aeruginosa). Some differences,
however, are clearly due to the growth media used to culture the mutants (minimal growth
medium for A. baylyi and rich growth medium for E. coli and P. aeruginosa). To account for this
difference, the authors include E. coli data that shows the percentage of essential genes
increasing from 7% to ~10% when cultured on minimal medium. The functional categories most
significantly affected by growth medium were nucleotide, amino acid, and cofactor metabolism,
otherwise most functional categories remained comparable. The authors point out that, despite
the differences in growth media used to culture the mutants, similar trends are observed42. The
total numbers of essential and non-essential genes for each organism, grouped into functional
categories (similar to those listed in Table 1-1), are represented in Figure 1-2.
At the time of the study (2008), the percentages of essential genes with putative or
unknown functions in A. baylyi, E. coli, and P. aeruginosa were 16%, 19%, and 38%,
respectively, while the total numbers of genes with poorly characterized function were 38%,
50%, and 54%. In 2017, koo et. al. constructed two genome-wide libraries of single-deletion
mutants in Bacillus subtilis for studying gene functions. They observed, similarly, that even in
the best-studied bacteria, E. coli and B. subtilis, greater than 30% of their genes have poorly
characterized functions43. Furthermore, a 2019 assessment indicates that 35% of E. coli genes
lack experimental evidence for their predicted function51. These studies highlight a major
knowledge gap in biology that is relevant in some degree to most, if not all, subdisciplines.
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Figure 1-2. Comparison of ADP1, E. coli and P. aeruginosa essentiality data.
Essentiality determined for A. baylyi in minimal growth medium and for E. coli and P. aeruginosa in rich growth
medium. Functional roles were assigned according to TIGR classifications (a, b, and c represent data for A. baylyi,
E. coli, and P. aeruginosa, respectively). Dark grey and light grey bars correspond to the numbers of essential and
non-essential genes, respectively. The percentages along the x-axis correspond to the total number of genes per
category in each organism. Data extracted from de Berardinis et. al42.
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1.4.2 Designing a minimal bacterial genome
The smallest known autonomously replicating cell, JCVI-syn3.0, has a 531 kb genome with
only 473 genes, 149 of which have unknown functions52. Global transposon mutagenesis data
identified which genes from a larger genome, JCVI-syn1.0, were not essential for viability and
therefore candidates for removal. Rationally designed genome fragments were then chemically
synthesized, assembled in yeast, transplanted into a Mycoplamsa capricolum cell, and tested for
viability. The researchers engineering this organism, Hutchison et. al., found that some genes,
while not essential for viability, were critical for robust growth and thus retained. While testing
combinations of genome fragments for those that give rise to viable cells, they observed that
certain pairs of genes could not be simultaneously deleted. The authors point out that in these
cases there is likely a single essential function encoded by each of the two genes. This type of
genetic redundancy enables a bacterium to survive in the absence of one or the other gene, but
not if both are missing. This phenomenon, known as “synthetic lethality”, is less frequent in
organisms with evolutionarily streamlined genomes but is common in organisms with larger
genomes or those present in more complex populations52,53.
1.5 Genetic interactions define functional connections
Synthetic lethality and other genetic interactions have been investigated in many studies by
crossing two single-deletion strains54-58. It is typically necessary to utilize high-throughput
approaches to generate double-knockout libraries due to the high number of possible
combinations. For example, in an organism with only 500 protein-coding genes there are
250,000 possible di-gene combinations (~500 x ~500 single knockouts). Double-mutant strains
are often screened on plates and fitness is estimated by colony size58,59. If the colony size differs
significantly from the size expected by the multiplicative effect of each single deletion, then a
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genetic interaction is inferred. To illustrate with a hypothetical example, deletion of gene A or
gene B, each result in a slight fitness defect (0.95 the growth rate of wildtype for gene A and 0.90
the growth rate of wildtype for gene B). The expected growth rate of the double mutant would be
0.855 (0.95 x 0.90 = 0.855). A significant deviation from this expected rate would likely be
caused by a genetic interaction. As many gene-gene interactions within the cell are identified, a
network connecting biological processes can be diagrammed.
Initially, some of the most thorough genetic interaction studies were initially done in yeast.
One study, comparing the genetic interaction networks in two distantly related yeast species, S.
cerevisiae and Schizosaccharomyces pombe, showed that, despite their evolutionary divergence,
~29% of synthetic-lethal interactions were common to both species57. In 2010, Costanzo et. al.
generated 5.4 million digenic deletion mutants in S. cerevisiae and identified ~170,000 genetic
interactions58. A major finding from this and related research indicates that genes functioning in
similar biological pathways typically have similar interaction profiles (see Figure 1-3)56. This
connection has been used to predict the function of uncharacterized genes55,60. For example,
three uncharacterized yeast genes, PAR32, ECM30, and UBP15, that shared interaction profiles
with known Gap1 sorting/transport pathway genes, were shown to have roles consistent with
Gap1 genes when individually deleted58. Additionally, in an E. coli study, several orphan genes
were associated with well-characterized peptidoglycan assembly genes due to their similar
genetic interaction profiles. Consistent with functional predictions, knockout strains showed
differing sensitivities to antibiotics that inhibit peptidoglycan synthesis60.
Network mapping can reveal functional redundancy beyond homologs and gene
duplications and show how distinct and parallel pathways can compensate for one another. For
example, a screen through >235,000 mutant gene pairs in E. coli, aimed at mapping functional
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interactions between cell envelope biosynthesis proteins, revealed 35 significant genetic
interactions encoded within the genome to ensure envelope integrity61. These studies provide
powerful insight into the often-complicated genotype-phenotype relationships that exist within
even simple bacterial cells56.

Figure 1-3. A correlation-based network connecting genes with similar genetic interaction profiles.
Genes sharing similar patterns of genetic interactions are proximal to each other; less-similar genes are posi- tioned
farther apart. Colored regions indicate sets of genes enriched for GO biological processes summarized by the
indicated terms. -Costanzo et. al58.

1.5.1 Sinorhizobium meliloti as a model for genetic interactions
An analysis of how biological functions are distributed throughout the genomes of 1,708
bacterial species indicated that most core genes are encoded on the chromosome (RNA
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processing, chromatin structure, cell cycle control, nucleotide transport and metabolism,
coenzyme transport and metabolism, translation, post-translation modifications, and cell wall
biogenesis) while many functional categories, also present on the chromosome, are enriched on
secondary replicons (carbohydrate, amino acid, and lipid metabolism, transport, transcription,
and energy production and conversion)6. Several studies that indicate there are genetic
redundancies between chromosomes and secondary replicons and there is evidence that essential
chromosomal genes can be translocated to other replicons within a cell62-65. Additionally, genes
transcribed on one replicon can be regulated by factors on another66,67.
Multi-replicon genomes are particularly abundant in the fully sequenced alpha- and
gammaproteobacteria (~60% each, see Figure 1-4). Within the alphaproteobacteria are many
strains of soil-dwelling rhizobia, a well-studied group of plant-associated bacteria that are
capable of fixing nitrogen. The genomes of rhizobia are, on average, much larger than typical
alphaproteobacteria (7.05 Mb vs 4.32 Mb, rhizobia vs all fully sequenced alphaproteobacteria)
and are known to encode a broad metabolic repertoire which allows them to persist in diverse
soils68,69. Sinorhizobium meliloti has long been studied as a model in plant-microbe symbioses
and more recently as a model for organisms with a multi-replicon genome66,70-73. The genome of
S. meliloti is composed of a ~3.7 Mb chromosome and two megaplasmids, pSymA (~1.4 Mb)
and pSymB (~1.7 Mb), which together make up 45% of the genome. While both megaplasmids
were likely acquired by an ancestral strain, based on the GC content of each replicon and the
biased distribution of a few palindromic motifs among replicons in other rhizobia, it appears
pSymB is the more ancient of the two megaplasmids74,75. Functional analysis of the each
megaplasmid indicates they each encode diverse functions that enable S. meliloti to inhabit
environmental niches beyond what the chromosome alone would allow70. For example, pSymA
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encodes many functions required for symbiotic engagement with a plant host and nitrogen
fixation while pSymB encodes over half of S. meliloti’s total transport functions as well as many
metabolic pathways70,74,76. It was also shown that genes encoded on pSymB seem to be more
widely distributed throughout bacterial taxa compared to both pSymA and the chromosome77. In
2014, diCenzo et. al. described the removal of pSymA and pSymB from S. meliloti which made
it possible to examine the functional and genetic interactions between replicons in a highthroughput manner70.

Figure 1-4. Portion of genomes in proteobacterial classes with multiple replicons.
Full-length bars represent all fully sequenced strains in each respective class, with total numbers in bold text outside
the bars. The shaded portion within each bar indicates strains with multi-replicon genomes, the quantity of which are
indicated next to the y-axis.

1.5.2 Construction of a strain of S. meliloti that is lacking pSymA and pSymB
Curing S. meliloti of pSymA was first reported in 2000 and carried out in two steps78. First,
Oresnik et. al. utilized a strain of S. meliloti 2011 which had a transposon containing sacB
inserted into pSymA (technically called pRme2011a, but since pSymA and pRme2011a are so
similar we will call it pSymA for simplicity). They used this strain because it was previously
demonstrated that strains of rhizobia (along with many other Gram-negative bacteria) with an
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active sacB gene are unable to grow in the presence of sucrose79,80. This allowed them to select
for derivatives of S. meliloti 2011 that spontaneously lost all or a portion of pSymA that no
longer carried sacB. From the initial selection, they isolated a derivative that was missing ~56%
of pSymA. In the second step, they mutagenized this derivative with the same sacB-containing
transposon and isolated a mutant that harbored the transposon in the remaining portion of
pSymA. After a subsequent selection in the presence of sucrose, they isolated a derivative that
was confirmed to be free of pSymA. A pSymA-free strain was used to as a starting point for the
removal of pSymB.
The removal of pSymB was more complicated and achieved in several steps65,70,81. Briefly,
diCenzo et. al. began by deleting large segments of pSymB using a FRT/Flp recombinase
system82. This narrowed their search to two small regions within pSymB, a ~10 kb region
containing engA and a 13 kb region containing tRNAarg, were essential for viability. They then
transferred these two genes to the chromosome and were subsequently able to remove them from
pSymB. Next, they deleted a 234 kb region from pSymB which contained an active toxinantitoxin locus. It should be noted that there are three other active toxin-antitoxin loci which
cannot be removed from wildtype S. meliloti without causing cell death or stasis81. In the final
step, they exploited an incompatibility factor, incA, which is encoded between the repB and repC
genes in pSymB. By introducing a gentamycin resistance-conferring plasmid containing an exact
copy of incA (pTH1414), they prevented daughter cells from co-inheriting both pTH1414 and
pSymB. After selection on gentamycin-containing plates, they PCR checked several locations to
ensure complete loss of pSymB.
An initial transposon mutagenesis of this strain identified genes important for viability in S.
meliloti on minimal growth medium, specifically when the megaplasmids are absent71. Their
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results indicated that greater than 10% of chromosomal genes have a redundant counterpart
encoded on pSymA or pSymB. Chapter 2 of this dissertation describes a high-throughput
examination of essential genes in both wildtype S. meliloti and the derivative strain that is
missing both megaplasmids. The experimental data, coupled with in silico metabolic modelling,
reveal an in-depth view of genetic interactions that exist within S. meliloti and provide insight
into the connections that may exist in other bacterial genomes.
1.6 General drivers of plant-microbe interactions
Plant-microbe symbioses are intimate associations where microbes invade host tissue and
cells83. Many mutual benefits have been observed from these interactions including protection
from pathogens, degradation or sequestration of toxins, and exchange of nutrients84-86. The most
studied plant-microbe symbioses are between plants and arbuscular mycorrhiza (fungi) or
rhizobia (bacteria)87. It has been estimated the mycorrhiza engage in a symbiotic relationship
with 70-90% of all land plants, in which they help the plant take up water and critical nutrients
like phosphate88. The legume-rhizobia symbiosis, where carbon fixed through photosynthesis by
the plant is exchanged for nitrogen fixed by the bacteria, accounts for 20-30% of all biological
nitrogen fixed (50-70 Tg) in agricultural systems89,90. Many of the molecular mechanisms that
underpin the initiation and development of plant-microbe symbioses were first discovered in
studies on the associations between legumes and rhizobia91.
Bacterial mutualists first evolved into eukaryotic symbionts via horizontal gene
transfer92,93. Comparing the genomes of closely related free-living and host-associated bacteria
can reveal the presence of genetic elements like plasmids or ICEs that confer symbiotic or
pathogenic properties92,94. One example of an ICE conferring symbiotic capabilities is the mobile
symbiosis island encoded within Mesorhizobium loti R7A95. It was discovered that this
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symbiosis island was mobilizable after a single strain of M. loti (that had the symbiosis island)
was used to inoculate Lotus plants in a New Zealand field site. Initially, all indigenous rhizobia
were unable to symbiotically engage with the foreign Lotus plant. After seven years, diverse
rhizobia were isolated from Lotus nodules and the genome of each strain contained a symbiosis
island identical to the one found in the original inoculant96. This example also illustrates the
indirect impact of microbe-microbe interactions on plant health.
1.6.1 Chemicals in the rhizosphere that impact plant-microbe interactions
The soil immediately around plant roots, called the rhizosphere, is typically comprised of a
diverse microbiome that is different from the surrounding bulk soil97,98. The dominant bacterial
phyla in the rhizosphere of many plant species (Arabidopsis, Lotus, poplar, barley, rice, and
citrus) is typically composed of Proteobacteria, Acinetobacteria, Bacteroidetes, and to a lesser
extent, Firmicutes99. Plants can significantly shape the prevalence and diversity of proximate
microbes by secreting metabolites, toxins, and chemoattractants. The amount and type of
chemicals exuded by the plant change as it matures100. For example, as Arabidopsis and Avena
barbata plants age, they secrete fewer sugars and more amino acids and phenolic compounds100.
In the model legume, Medicago truncatula, it was shown that both bacterial and fungal
communities in the rhizosphere change significantly throughout developmental stages101. Plant
exudates also change in response to environmental stressors like drought which, in turn,
influences nutrient availability to the surrounding microbiome. However, since microbes
themselves respond to drought stress (by forming spores, secreting chemicals that alter soil
chemistry, or antimicrobial compounds to kill competitors), it is difficult to clearly assess which
factors influence the microbiome the most102.
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1.6.2 Primary metabolites exuded by plants
Primary metabolites, passively exuded into the soil by plants, include sugars, organic acids,
and amino acids. These molecules can attract beneficial microbes, impact nutrient acquisition,
and play a role in recognition of self and neighboring plants 103. They also make up a significant
amount of the total carbon fixed by the plant and deposited into the soil (20-40%)104. Fixed
carbon sugars (glucose, fructose, sucrose, arabinose, mannose etc.) and organic acids (succinic,
malic, oxalic, lactic, quinic, citric, formic etc.)97 can both enrich and shift the proximal bacterial
population though it has been shown that organic acids have a more significant impact on the
proliferation of rhizosphere bacteria in soils than sugars105,106. Amino acids are an important
source of organic carbon and nitrogen and can bind to chemotaxis receptors, attracting microbes
to the plant107,108.
1.6.3 Secondary metabolites exuded by plants
Many secondary metabolites are benzoids and phenylpropanoids, which are a diverse
family of organic molecules, including: coumarins, phenolics, organic acids, and flavonoids.
These molecules can facilitate nutrient uptake, shape the root microbiome through antimicrobial
activity, and play important roles in signaling. Coumarins, like scopoletin, are secreted by plants
to facilitate the binding and uptake of iron when needed109. Additionally, scopoletin exudation
can be induced by tolerant beneficial microbes, like Pseudomonas simiae and Pseudomonas
capeferrum, and have strong inhibitory effects on pathogenic fungi, like Fusarium oxysporum
and Verticillium dahliae110. Benzoxanoids also have dual roles in exudates, both attracting
beneficial microbes to the rhizosphere and exhibiting antimicrobial properties111. Organic acids
like succinic, fumaric, malic, and citric acid have been shown to stimulate chemotaxis and
biofilm formation in plant growth-promoting rhizobacteria112.
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1.7 Signaling molecules that initiate the M. truncatula – S. meliloti symbiosis
1.7.1 Plant-secreted flavonoids
Symbiotic communication between M. truncatula and S. meliloti is initiated by the plant
secreting flavonoids (a secondary metabolite) from its roots. Flavonoids are phenylpropanoids
that are found in many plants and synthesized from the amino acids phenylalanine and
tyrosine113. Flavonoids diffuse through the bacterial membrane and bind to NodD, a LysR-type
transcription factor that induces expression of nod genes114. The first flavonoid, luteolin, shown
to induce expression of nod genes in S. meliloti is depicted in Figure 1-5a115. Many different
flavonoid molecules have been identified and it has been shown that plants secrete flavonoids
that select for specific rhizobia with compatible NodD regulators. For example, the flavonoids
naringenin, eriodictyol, and daidzein, do not stimulate nod gene expression in S. meliloti and
some non-host flavonoids can even inhibit the expression of nod genes116,117.

Figure 1-5. M. truncatula-S. meliloti symbiotic signaling molecules.
(a-c) Chemical structures of three representative signaling molecules that initiate symbiotic interaction. Each
molecule was rendered in ChemDraw.
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1.7.2 Rhizobial Nod factors
In response to a compatible flavonoid, NodD induces the expression of the nodABC genes
by binding to the nod box upstream114. NodABC proteins carry out the synthesis of the nod
factor backbone, which is composed of a few N-acetyl glucosamine residues and a long-chain
fatty acyl group118. This lipo-chitooligosaccharide backbone can be modified by other nod genes
found in S. meliloti (e.g. nodE, nodF, nodH, nodL, nodP, and nodQ) by the addition of functional
groups (like acetyl and sulfuryl groups). These unique chemical signatures on Nod factors play
an important role in determining host specificity119,120. The S. meliloti Nod factor, NodSm-IV is
depicted in Figure 1-5b. Perception of Nod factors by two M. truncatula receptors, a LysM
family receptor called MtNFP (M. truncatula Nod factor perception), and a Lysin motif receptorlike kinase3 called MtLYK3, initiates the symbiosis signaling pathway121,122.
1.8 Development of the M. truncatula – S. meliloti symbiosis
1.8.1 Infection thread development
The symbiotic signaling pathway starts with calcium oscillations/spiking in root hairs
followed by root hair curling around adjacent S. meliloti. Both DMI1 (does not make infections
1), a nuclear membrane-localized ligand-gated ion channel, and DMI2, a leucine-rich-repeat
(LRR) receptor like kinase, are required for these two processes. At the tip of the root hair a
microcolony of S. meliloti forms and a tunnel (called the infection thread) elongates from the tip
toward the base of the root hair. The bacterial surface polysaccharide, succinoglycan (depicted in
Figure 1-5c), is required for the formation of the infection thread123. Many proteins are necessary
for the synthesis of succinoglycan including ExoA, ExoH, ExoL, ExoM, ExoO, ExoP, ExoQ,
ExoT, ExoU, ExoV, and ExoW. Mutants of S. meliloti that produce modified succinoglycan
molecules have various aberrant infection phenotypes117,123. With the extensive diversity in
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exopolysaccharides produced in rhizobia, it has been suggested that these molecules may also
play a role in host-microbe specificity114,124. As the infection thread forms, DMI3, a
calcium/calmodulin-dependent protein kinase triggers the proliferation of root cortex cells which
begins the formation of the symbiotic root nodule125,126. A simple graphical depiction of nodule
development is represented in Figure 1-6.

Figure 1-6. Symbiotic developmental process.
Graphical depiction of a plant root cross-section. Numbered points represent stages during nodule development.

1.8.2 Releasing bacterial cells into plant cells through endocytosis
As dividing bacteria extend through the infection thread to root cortex cells, DMI2 is
localized to the membrane of infection thread cells127. There, DMI2, NIP (numerous infections
and polyphenolics), NFP, and LYK3 are all required to help facilitate the release of rhizobia
from the infection thread into plant cells through endocytosis128. The engulfed bacterial cell,
which is surrounded by plant membrane, forms an organelle-like assembly called a symbiosome
that is localized within the plant cell cytosol129. As proteins and lipids are targeted to the
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symbiosome membrane, a new physiological environment is formed that facilitates the
conversion of intracellular bacteria into nitrogen-fixing bacteroids.
1.8.3 Development of intracellular bacteria into nitrogen-fixing bacteroids
In 2010, it was shown that plant factors called nodule-specific cysteine-rich (NCR)
peptides cause intracellular bacteria to differentiate into nitrogen-fixing bacteroids130. In this
significant study, the authors point out how NCR peptides resemble the antimicrobial peptides
used by plants and animals as part of an immunological response to associated microbes. In this
case, however, NCR peptides facilitate symbiotic development rather than protection. The
discovery of this family of plant genes took place a decade earlier with an analysis of M.
truncatula transcriptomic data taken during nodule development131-133. It was observed that these
genes encoded small proteins with a conserved signal peptide and that they are only found in
galegoid legumes (like M. truncatula). There are over 700 NCR peptides in M. truncatula which
vary in length from 20 to over 100 amino acids with most between 30 to 60 residues (see Figure
1-7a). NCR peptides typically have 4 or 6 cysteines that appear to be spaced throughout the
peptide with some regularity (see Figure 1-7b and d-g). Antimicrobial properties are especially
characteristic of NCR peptides that are cationic, possessing high isoelectric points134. The
isoelectric points of the M. truncatula NCR peptides are shown in Figure 1-7c. In M. truncatula,
a nodule-specific signal peptidase complex (SPC) targets NCR peptides to the symbiosome. In
M. truncatula mutants deficient in DNF1, a critical subunit of the SPC, NCR peptides are not
trafficked to the symbiosome and the intracellular bacteria are not differentiated135. Since their
discovery, many studies have been conducted to identify the roles of specific NCR peptides on
bacteroid development. It has been shown that NCR peptides target the bacterial membrane, cell
cycle regulators, ribosomes, transcriptional regulators, cell division proteins, and RNA
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polymerase cofactors136-139. Interactions between NCR peptides and these targets are consistent
with the observed phenotypic effects on bacteria developing into bacteroids. These effects
include: a permeabilized cell membrane, cell elongation, generation of multiple genome copies,
and irreversible loss of the ability to divide. Interestingly, in non-galegoid plant-rhizobia
symbioses, intracellular nitrogen-fixing bacteria are much more like free-living bacteria140.

Figure 1-7. Characteristics of NCR peptides found in S. meliloti 1021.
(a) The lengths of all NCR peptides found in S. meliloti 1021 by groups of 20. (b) NCR peptides grouped by number
of cysteine residues. (c) NCR peptides grouped by isoelectric point. (d and e) Number of amino acids between
cysteines residues in NCR peptides with 4 total cysteines. (f and g) Number of amino acids between cysteines
residues in NCR peptides with 6 total cysteines.
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1.8.4 A rhizobial response to NCR peptides
In 2012, Crook et. al. observed that, in later stages of some M. truncatula – S. meliloti
symbioses, bacteroid development is prematurely stopped due to a bacterial incompatibility
factor encoded on a plasmid found in a wild isolate141. They also found that bacterial strains
harboring plasmids with this incompatibility factor had a restricted symbiotic host range. In a
follow-up study, in 2015, Price et. al. reported that a single bacterial peptidase, encoded on one
of these plasmids, was the incompatibility factor that prematurely stopped bacteroid formation at
later stages of symbiotic development142. It was also shown that this host range restriction
peptidase (HrrP) was able to degrade several NCR peptides in vitro. The authors point out that,
while there are hundreds of NCR peptides encoded by M. truncatula, not all are essential for
normal symbiotic development. Therefore, HrrP could have a significant impact on symbiotic
outcome by degrading a few critical NCR peptides. It was also observed that in some M.
truncatula – S. meliloti pairings, HrrP did not influence symbiotic outcome suggesting that there
may be other factors that play a role in late stages of development.
The bacterial transporter, BacA, has been shown to take up peptides in S. meliloti in
vitro143. It was also shown that when both wild-type and BacA mutant strains of S. meliloti are
exposed to NCR peptides, wild-type cells persist while rapid cell death occurs in BacA
mutants144. These observations suggest that BacA protects bacteria against potentially toxic
effects of NCR peptides, likely through uptake into the cell. While the mechanism for this is not
entirely clear, it has been shown that the cytotoxic effects of NCR peptides can depend on their
redox state, as well as their susceptibility to degradation138,145. This highlights the possibility that
if the disulfide-bonds between cross-linked cystine residues of NCR peptides are broken in the
reducing environment of the bacterial cytoplasm, then the peptides may be susceptible to
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proteolytic degradation. The findings from these studies inspire a model where plant peptides,
transported into the bacterial cytoplasm by BacA, may first be reduced then degraded by
bacterial peptidases like Hrrp (see Figure 1-8). Chapter 3 of this dissertation describes the testing
of this model in a screen through bacterial peptidases, encoded on the chromosome or one of the
two megaplasmids of S. meliloti, for effects on symbiotic outcome.

Figure 1-8. Proposed model for NCR peptide – bacterial peptidase interactions.
The dark green border represents the symbiosome membrane and the green shaded area represents the symbiosome
compartment. NCR peptides are depicted as the multi-colored molecules distributed throughout the symbiosome.

1.9 Concluding remarks
Both Chapters 2 and 3 cover projects that highlight principles discussed in this
Introduction. Chapter 4 describes a side-project where a highly efficient phage-derived ribosome
binding site was dissected. While this study represented an important phase of my training as a
scientist, it was determined that the introductory information at the beginning of the chapter
would be sufficient to contextualize the work.
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Chapter 2: Robustness Encoded Across Essential and Accessory Replicons of the Ecologically
Versatile Bacterium Sinorhizobium meliloti
2.1 Summary
2.1.1 Author contributions
Much of the work described in Chapter 2 is taken from an article published in PLOS
Genetics. The project was initiated while Joel was on sabbatical in Boston, and I later inherited
the project as a new graduate student. My first tasks were to analyze and validate the data
generated in Boston. Our collaborator in this work, George diCenzo, greatly enhanced our
analysis by computationally integrating the data into a metabolic model for Sinorhizobium
meliloti. His efforts deepened our understanding of S. meliloti’s metabolism and illustrated the
power of coupling computational and experimental approaches to learn biology. As George was
the first author on this manuscript, much of this chapter reflects his writing though co-authors on
the manuscript including: myself, Marco Fondi, Graham C. Walker, Turlough M. Finan, Alessio
Mengoni, and Joel Griffitts, helped. Throughout the chapter I include relevant data generated in
the Griffitts lab that were not included in the manuscript and, in the last section of this chapter, I
describe our efforts to employ a technique called “BarSeq” that allows us to explore essential
genes in S. meliloti more thoroughly.
2.1.2 Abstract
S. meliloti, which has traditionally facilitated ground-breaking insights into symbiotic
communication, is also emerging as an excellent model for studying the evolution of functional
relationships between bacterial chromosomes and anciently acquired accessory replicons. Multireplicon genome architecture is present in ~ 10% of presently sequenced bacterial genomes. The
S. meliloti genome is composed of three circular replicons, two of which are dispensable even
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though they encompass nearly half of the protein-coding genes in this organism. The
construction of strains lacking these replicons has enabled a straightforward, genome-wide
analysis of interactions between the chromosome and the non-essential replicons, revealing
extensive functional cooperation between these genomic components. This analysis enabled a
substantial refinement of a metabolic network model for S. meliloti. The integration of massively
parallel genotype-phenotype screening with in silico metabolic reconstruction has enhanced our
understanding of metabolic network structure as it relates to genome evolution in S. meliloti, and
exemplifies an approach that may be productively applied to other taxa. The combined
experimental and computational approach employed here further provides unique insights into
the pervasive genetic interactions that may exist within large bacterial genomes.
2.2 Introduction
The prediction of genotype-phenotype relationships is a fundamental goal of genetic,
biomedical, and eco-evolutionary research, and this problem underpins the design of synthetic
microbial systems for biotechnological applications146. Recently, there has been a shift away
from the functional characterization of single genes towards whole-genome, systems-level
analyses (for recent reviews, see147,148). Such studies have been facilitated by methods allowing
for the direct interrogation of a genome to determine all genetic elements required for adaptation
to a given environment. Two primary methods are in silico metabolic modeling149,150, and
massively parallel sequencing of transposon insertions in bacterial mutant libraries (Tnseq)151,152.
In silico genome-scale metabolic modeling attempts to reconstruct all cellular metabolism,
including all biochemical reactions and the genes encoding the participating enzymes, thereby
linking genetics to metabolism153. Next, mathematical models such as flux balance analysis
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(FBA) are used to simulate the flux distribution through the reconstructed network154, allowing
predictions of how environmental perturbations or gene disruptions would influence growth.
This approach allows for phenotypic predictions of all single, double, or higher-order gene
deletion mutations within a matter of days155,156, which is infeasible using a direct experimental
approach. However, the quality of the predictions is highly dependent on the accuracy of the
metabolic reconstruction. Outside of a few model species like Escherichia coli, experimental
genetic and biochemical data are not available at the resolution necessary to provide accurate
assignment of all metabolic gene functions.
Tn-seq involves the generation of a library of hundreds of thousands of mutant clones, each
containing a single transposon insertion at a random genomic location (refer to157 for a review on
this method). The library of pooled clones is then cultured in the presence of a defined
environmental challenge. Insertions resulting in altered fitness in the environment under
investigation become under- or over-represented in the population. Deep sequencing is used to
identify the genomic location and frequency of all transposon insertions, which is then used as a
measure of the growth phenotype brought about by specific mutations: a less than expected
number of insertions within a gene is interpreted to reflect that mutation of the gene impairs
growth. This approach is imperfect, as important biochemical functions may be redundantly
encoded71,158,159, or replaced by compensatory alternative processes160. Moreover, fitness changes
brought about by mutation in one gene may require mutation of a second gene bearing no
resemblance to the first—a phenomenon known as a genetic interaction56,58. Such genetic
interactions may cause the apparent functions of some genes to be strictly dependent on their
genomic environment161. In other words, a gene may be essential for growth in one organism, but
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its orthologous counterpart in another organism may be non-essential. This significantly
complicates efforts to generalize genotype-phenotype relationships162.
Resolving the problem of genome-conditioned gene function is of broad significance in the
areas of functional genomics, population genetics, and synthetic biology. For example, the ability
to design and build optimized minimal cell factories on the basis of single-mutant fitness data is
expected to present numerous complications163, as evidenced by the recent effort to rationally
build a functional minimal genome52. Tn-seq studies suggest there is as little as 50% to 25%
overlap in the essential genome of any two species164-166. As a striking example, 210 of the Tnseq essential genes of Pseudomonas aeruginosa PA14 are not even present in the P. aeruginosa
PAO1 genome167. Comparison of Tn-seq data for Shigella flexneri with deletion analysis data for
the closely related species E. coli suggested only a small number of genes were specifically
essential in one species; however, mutation of about 100 genes appeared to result in a growth
rate decrease specifically in E. coli168. Similarly, comparison of Tn-seq datasets from two
Salmonella species revealed that mutation of nearly 40 genes had a stronger growth phenotype in
one of the two species169. Overall, these studies suggest that the genomic environment (here
defined as the genomic components that may vary from organism to organism) influences the
fitness contributions of a significant proportion of an organism’s genes. However, no large-scale
analysis has been performed to directly examine how the phenotypes of individual genes are
influenced after large-scale genomic manipulation.
Here, we provide a quantitative, genome-scale evaluation of how large-scale genomic
variance influences genotype-phenotype relationships. The model system used is Sinorhizobium
meliloti, an α-proteobacterium whose 6.7-Mb genome consists of a chromosome and two
additional replicons, the pSymA megaplasmid and the pSymB chromid170,171. The pSymA and
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pSymB replicons constitute 45% of the S. meliloti genome (~2,900 genes); yet, by transferring
only two essential genes from pSymB to the chromosome, both pSymA and pSymB can be
completely removed from the genome, yielding a viable single-replicon organism70. We report a
comparison of gene essentiality (via Tn-seq) for wild-type S. meliloti and the single-replicon
derivative. This experiment was designed to evaluate interactions between individual
chromosomal genes and the secondary genome (pSymA/pSymB) as a whole, recognizing that
the pSymA/pSymB deletion, while consistent with cell viability, is certainly pleiotropic66,172.
This enables us to detect the chromosomal side of inter-replicon genetic interactions with singlegene precision, but unable to discern the extrachromosomal side of the interactions. This highthroughput genetic analysis is supplemented by an in silico double gene deletion analysis of a S.
meliloti genome-scale metabolic network reconstruction. We further examine how integration of
Tn-seq data with in silico metabolic modeling, through a Tn-seq-guided reconstruction process,
overcomes the limitations of using either of these approaches in isolation to develop a
consolidated view of the core metabolism of the organism. This process produced a fully
referenced core S. meliloti metabolic reconstruction.
2.3 Results
2.3.1 Development and validation of the Tn5-based transposon Tn5-714
To interrogate the S. meliloti genome using a Tn-seq approach, we first developed a new
construct based on the Tn5 transposon as described in the Materials and Methods. The resulting
transposon (Figure S-1) contains constitutive promoters reading out from both ends of the
transposon to ensure the production of non-polar mutations; without such promoters, nonessential genes at the beginning of an operon may be incorrectly classified as essential if a
downstream operon gene is essential. However, the inclusion of outward facing promoters means
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that surrounding genes are constitutively expressed, potentially resulting in growth impairments,
and this must be kept in mind during examination of the data. Analysis of the insertion site
locations validated that the transposon performed largely as expected. Gene disruptions caused
by transposon insertions were confirmed to be non-polar as illustrated by the case reported in
Figure 2-1, and there was no strong bias in the distribution of insertions around the chromosome
(Figure 2-2A, Figure S-2). However, there did appear to be somewhat of a bias for integration of
the transposon in GC-rich regions (Figure S-3). As there was little relationship between GC
content and Tn-seq derived gene essentiality scores (Figure S-4), it is unlikely that this moderate
bias had a discernable influence on the results of this study.

Figure 2-1. Visualization of the location of transposon insertion sites.
An image of the pst locus of S. meliloti generated using the Integrative Genomics Viewer173.
Chromosomal nucleotide positions are indicated along the top of the image, and the location of
transposon insertions are indicated by the red bars. Non-essential genes contain a high density of
transposon insertions, whereas essential genes have few to no transposon insertions. Genes are color
coded based on their fitness classification, and transcripts are indicated by the arrows below the genes.
The pstS, pstC, pstA, pstB, phoU, and phoB genes are co-transcribed as a single operon174, and previous
work demonstrated that polar phoU mutations are lethal in S. meliloti, whereas non-polar mutations are
not lethal175. The lack of insertions within the phoU coding region is therefore consistent with the nonpolar nature of the transposon.

2.3.2 Overview of the Tn-Seq output
Our Tn-seq experiments were undertaken with two primary aims: i) to identify the core set
of genes contributing to S. meliloti growth under laboratory conditions, and ii) to determine the
extent to which the phenotypic consequence of a gene deletion is influenced by the genomic
environment (i.e., presence/absence of the secondary replicons). To accomplish this, Tn-seq
libraries were prepared for two isogenic S. meliloti strains: RmP3496 (ΔpSymAB), which
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Figure 2-2. Characteristics of the core genetic components of S. meliloti.
(A) A circular plot of the S. meliloti chromosome is shown. From the outside to inside: positive strand
coding regions, negative strand coding regions (for both positive and negative strands, red indicates the
position of the core 489 growth promoting genes), total insertion density, and GC skew. The insertion
density displays the total transposon insertions across all experiments over a 10,000-bp window. The GC
skew was calculated over a 10,000-bp window, with green showing a positive skew and blue showing a
negative skew. Tick marks are every 50,000 bp. (B) A comparison of the overlap between the growth
promoting genome (Group I and II genes, shown first) and the essential genome (Group I genes, values in
parentheses) of each Tn-seq dataset. Each dataset is labeled with the strain (wild-type or ΔpSymAB) and
the growth medium (defined medium or rich medium). (C) Functional enrichment plots for the indicated
gene sets. Name abbreviations: Fit–fitness; Dec–decrease; WT–wild-type; ΔAB—ΔpSymAB; Def–
defined medium; Rich–rich medium. For example, ‘Fit. dec. WT def > rich' means the genes with a
greater fitness decrease in wild-type grown in defined medium compared to rich medium. Legend
abbreviations: AA–amino acid; Attach–attachment; Carb–carbohydrate; Cofact–cofactor; e-–electron;
Met–metabolism; Misc–miscellaneous; Mot–motility; Nucl–nucleotide; Oxidoreduct–oxidoreductase
activity; Prot–protein; Trans–transduction. (D-F) Scatter plots comparing the fitness phenotypes, shown
as the log10 of the GEI scores (Gene Essentiality Index scores; i.e., number of insertions within the gene
divided by gene length in nucleotides) of (D) wild-type grown in rich medium versus wild-type grown in
defined medium, (E) wild-type grown in rich medium versus ΔpSymAB grown in rich medium, and (F)
wild-type grown in defined medium versus ΔpSymAB grown in defined medium.
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lacks the pSymA and pSymB replicons; and RmP3499 (wild type), resulting from the restoration
of pSymA and pSymB into RmP3496176). Strain RmP3499 was used as the wild-type as wholegenome sequencing revealed only three chromosomal polymorphisms between RmP3496 and
RmP3499; in contrast, there are 23 polymorphisms between the chromosomes of RmP3496 and
the wild-type Rm2011176.
Transposon library sizes were skewed to compensate for the difference in genome sizes (~
1.8-fold more insertion mutants were collected for the wild type), resulting in nearly identical
insertion site density for each library (Table S-1). Both libraries were passed in duplicate through
selective growth regimens in either complex BRM broth (rich medium containing yeast extract,
tryptone, and sucrose) or minimal defined broth (a medium containing a minimal set of salts
required for growth, including sucrose, ammonium, sulfate, and phosphate). These media were
chosen as both were found to support growth of both strains, and they represent two very
different nutritional environments. Following approximately nine generations of growth, the
locations of the transposon insertions in the population were determined, a gene essentiality
index (GEI) was calculated for all chromosomal genes, and each gene was classified into one of
five fitness categories (Table 2-1) using the procedure described in the Materials and Methods.
Four genes that were found to be essential in the Tn-seq data (pdxJ, fumC, smc01011, smc03995)
were independently tested in the wild-type background by targeted knock-out. In all cases, the
mutations yielded the expected no-growth phenotype (Figure S-5), supporting the accuracy of
the Tn-seq output.
A strong correlation was observed between the number of insertions per gene in each set of
duplicates (Figure S-6), indicating that there was high reproducibility of the results and that
differences between conditions were unlikely to reflect random fluctuations in the output.
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Table 2-1. Fitness classification of chromosomal genes.
GEI percentile range1
Wild-type,
∆pSymAB,
Wild-type,
∆pSymAB,
Group
Description
rich medium rich medium defined medium defined medium
I
Essential
0-12
0-14
0-12
0-14
II
Strong growth defect
12-17
14-23
12-18
14-24
III
Moderate growth defect
17-36
23-49
18-28
24-47
IV
Little to no growth impact
36-100
49-96
28-99
47-99
V
Growth improvement
N/A
96-100
99-100
99-100
1
Genes were ranked from lowest to highest GEI, with the lowest GEI being at the 0 percentile and the highest GEI
being at the 100th percentile. The approximate break points for the groupings, determined as described in the
Materials and Methods, are shown for each condition. The ranges did not play a role in the classification of the
genes, but serve to summarize the number of genes in each category.

On average, insertions were found in 190,000 unique chromosomal positions with a median of
39 unique insertion positions per gene (Table S-1). The similarity in the number of unique
insertion positions between samples confirmed that equal coverage of the two strains was
obtained, and suggested that differences in the Tn-seq outputs were unlikely to be an artifact of
the quality of the libraries.
2.3.3 Elucidation of the core genetic components of S. meliloti
The growth phenotype of mutating each of the S. meliloti chromosomal genes was inferred
based on the density of transposon insertions within the gene, with fewer insertions suggesting a
larger growth impairment when the gene is mutated. Based on this approach, 307 genes were
classified as essential independent of growth medium or strain (Figure 2-2B). This set of 307
genes includes those encoding functions commonly understood to be essential: the DNA
replication apparatus, the four RNA polymerase subunits, the housekeeping sigma factor, the
general transcriptional termination factor Rho, 40 out of 55 of the annotated ribosomal protein
subunits, 18 out of 20 of the annotated aminoacyl-tRNA synthetases, and 6 out of 10 of the
annotated ATP synthase subunits. Considering genes classified as essential plus those genes
whose mutation resulted in a large growth defect (Groups I and II in Table 2-1), a core growth
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promoting genome of 489 genes, representing ~ 15% of the chromosome, was identified (Figure
2-2B). This expanded list includes 51 out of 55 of the annotated ribosomal protein subunits, 19
out of 20 of the annotated aminoacyl-tRNA synthetases, and 9 out of 10 of the annotated ATP
synthase subunits. These 489 genes appeared to be mostly dispersed around the chromosome,
although there was a bias for these genes to be found in the leading strand (Figure 2-2A), and
many ribosomal and RNA polymerase genes are grouped together in one locus (the 5 o’clock
position in Figure 2-2A). Based on published RNA-sequencing data for S. meliloti grown in a
glucose minimal medium, these 489 genes tend to be highly expressed, with a median expression
level above the 90th percentile (Figure S-7). Compared to the entire chromosome (Fisher exact
test, p-value < 0.05 following a Bonferroni correction for 18 tests), this set of 489 genes was
enriched for genes involved in translation (5.2-fold), lipid metabolism (2.7-fold), cofactor
metabolism (3.3-fold), and electron transport (2.1-fold), whereas genes involved in transport
(2.1-fold), motility/attachment (9.4-fold), and hypothetical genes (2.7-fold) were underrepresented (Figure 2-2C).
A clear influence of the growth medium on the fitness phenotypes of gene mutations was
observed. Focusing on the wild-type strain, a core of 519 genes were identified as contributing
equally to growth in both media (Figure 2-2D). Forty genes were identified as more important
during growth in rich medium than in defined medium, and these genes had a median GEI fold
change of 7. Only translation functions (5.8-fold) displayed a statistically significant enrichment
in these genes, which may reflect the faster growth rate in the rich medium (Figure 2, Figure S8), while there was also a non-statistically significant enrichment in signal transduction (5.1-fold)
(Figure 2-2C). The extent of specialization for growth in the defined medium was more
pronounced; 93 genes were more important during growth in the defined medium with a median
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GEI fold change of 20. These genes were enriched (statistically significant) in amino acid (9.0fold) and nucleotide (6.7-fold) metabolism presumably due to the requirement of their
biosynthesis, and carbohydrate metabolism (3.6-fold) likely as the sole carbon source was a
carbohydrate (Figure 2-2C). The same overall patterns were observed between media for the
ΔpSymAB strain (Figure S-9).
2.3.4 Mutant fitness phenotypes are strongly influenced by their genomic environment
The Tn-seq datasets for the wild-type and the ΔpSymAB strains were compared to evaluate
fitness phenotypes across the two genetic backgrounds. Similar global trends were observed for
both growth media (rich and defined), suggesting that the results were generalizable and not
medium-specific. Mutation of 488 (rich) or 484 (defined) chromosomal genes decreased growth
in both genetic backgrounds. However, we also observed striking strain-dependent phenotypic
effects. In ΔpSymAB cells, mutations of 250 (rich) or 251 (defined) genes led to stronger growth
impairments than in wild-type cells; and conversely, in wild-type cells, mutations of 81 (rich) or
89 (defined) genes led to stronger growth impairments than in ΔpSymAB cells (Figure 2-2E and
2F and Table 2-2).
Only minor functional biases were observed in the genes associated with larger fitness
defects in the ΔpSymAB background (Figure 2-2C); in both media, only electron transport (3fold) and oxidoreductases (9.5-fold) were over- and under-represented, respectively. Similarly,
few functional biases were detected in genes associated with larger fitness defects in the wildtype background (Figure 2-2C); in both media, lipid metabolism (4.5-fold) and hypothetical
genes (2-fold) were over- and under-represented, respectively, while nucleotide metabolism (5.5fold) was also enriched in the rich medium data. Overall, these results are consistent with
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pervasive functional connections between the chromosome and the secondary replicons, showing
no strong bias toward specific biochemical pathways.
Table 2-2. Sample genes showing strain specific phenotypes.
Gene1
Function
More Important ∆pSymAB - Rich Medium
kpsF3
capsule expression protein
groEL
chaperonin GroEL
aidB
oxidoreductase
proA
γ-glutamyl phosphate reductase
amiC
N-acetylmuramoyl-L-alanine amidase
smc03782
signal peptide protein
etfA1
electron transfer flavoprotein
smc02495
translaldolase
exoN2
UTP--glucose-1P uridylyltransferase
glnA
glutamine synthetase
More Important Wild-type - Rich Medium
carB
carbamoyl phosphate synthase
argG
argininosuccinate synthase
carA
carbamoyl phosphate synthase
purB
adenylosuccinate lyase
hrm
histone-like protein
nuoK1
NADH dehydrogenase subunit K
folD2
5,10-methylene-THF dehydrogenase
coaA
pantothenate kinase
argF1
ornithine carbamoyltransferase
smc00914
oxidoreductase

GEI
(WT ... dAB)
5.951 ... 0.002
2.926 ... 0.001
2.658 ... 0.001
4.505 ... 0.001
2.016 ... 0.002
1.847 ... 0.001
2.447 ... 0.002
3.127 ... 0.003
2.292 ... 0.002
2.153 ... 0.002
0.001 ... 1.930
0.002 ... 1.281
0.007 ... 3.928
0.002 ... 0.799
0.011 ... 2.586
0.006 ... 1.330
0.018 ... 3.110
0.004 ... 0.595
0.012 ... 1.776
0.002 ... 0.240

Gene
Function
More Important ∆pSymAB - Defined Medium
smc03782
signal peptide protein
amiC
N-acetylmuramoyl-L-alanine amidase
groEL
chaperonin GroEL
amn
AMP nucleosidase
ndvA
cyclic beta-1,2-glucan ABc transporter
smc02495
translaldolase
glnA
glutamine synthetase
glmS
glucosamine--fructose-6P aminotransferase
smc00717
ABC transporter ATP-binding protein
etfA1
electron transfer flavoprotein
More Important Wild-type - Defined Medium
folD2
5,10-methylene-THF dehydrogenase
nuoK1
NADH dehydrogenase subunit K
prfC
peptide chain release factor RF-3 protein
smc00714
1-acyl-SN-glycerol-3P acyltransferase
fpr
ferredoxin--NADP reductase
smc00532
hypothetical protein
ubiE
ubiquinone biosynthesis methyltransferase
asd
aspartate-semialdehyde dehydrogenase
secE
preprotein translocase subunit SecE
smc01038
hypothetical protein

GEI
(WT ... dAB)
9.670 ... 0.001
12.273 ... 0.003
2.755 ... 0.001
2.200 ... 0.001
1.434 ... 0.001
3.933 ... 0.003
2.535 ... 0.002
1.918 ... 0.002
6.624 ... 0.006
2.156 ... 0.002
0.003 ... 1.026
0.006 ... 1.476
0.001 ... 0.232
0.005 ... 0.522
0.002 ... 0.248
0.002 ... 0.203
0.002 ... 0.209
0.002 ... 0.157
0.010 ... 0.796
0.040 ... 2.940

1

The top ten genes from each of the indicated groupings, as determined based on the ratio of GEI scores of the two
strains, are shown. GEI (Gene Essentiality Index) scores are shown first for the wild-type (WT) followed by the
scores for the ∆pSymAB (dAB) strain.

Of 16 arbitrarily chosen genes predicted to be important for growth specifically in one of
the two strains, nine of them, when disrupted in a targeted manner, led to the expected strainspecific strong growth inhibition (Figure S-10). Of the other seven genes, three (cbrA, ppk, tig)
were non-lethal but displayed growth rate defects or extended lag phases during liquid culture
experiments (Table S-2 and Figure S-11). The remaining four genes may represent false
positives from the Tn-seq screen; alternatively, the contrasting results may reflect differences in
the growth conditions of the Tn-seq experiment (competitive growth in a genetically complex
population) compared to the validation experiment (monoculture). The results for the feuQ gene
may be representative of how the failure to validate a result may be due to difference in
experimental set-ups and not due to a false positive in the Tn-seq data. Regardless, the
observation that at least 75% of the selected genes were confirmed to have a genome content37

dependent fitness phenotype indicate that the large majority of the strain specific phenotypes
observed in the Tn-seq screen represent true differences.
2.3.5 Level of genetic and phenotypic conservation of the essential S. meliloti genes
Several recent studies have used Tn-seq to study the essential genome of Rhizobium
leguminosarum177-179. We compared our Tn-seq datasets with those reported by Perry et al.178 to
examine the conservation of the essential genome of these two closely related legume symbionts.
Putative orthologs for ~ 75% of all S. meliloti chromosomal genes were identified in R.
leguminosarum via a Blast Bidirectional Best Hit (Blast-BBH) approach. Much higher
conservation of the growth promoting genome was observed; 97% of the 489 core growth
promoting genes and 99% of the 307 core essential genes had a putative ortholog in R.
leguminosarum. However, conservation of the gene did not necessarily correspond to
conservation of the phenotype. Considering only the 303 core essential S. meliloti genes with a
putative ortholog in R. leguminosarum, 8% (25 of 303) of the R. leguminosarum orthologs were
classified as having little contribution to growth on defined medium (Figure 2-3A).
Two genes (fumC, pdxJ) identified as essential in S. meliloti but non-essential in R.
leguminosarum based on the Tn-seq data were mutated by targeted disruption in S. meliloti. In
both cases, the genes were confirmed to be essential in S. meliloti (Figure S-5), supporting the
Tn-seq data. A similar pattern is observed when starting with the R. leguminosarum genes
classified as essential in both minimal and complex medium by Perry et al. 178. Of the 241 core
essential R. leguminosarumgenes with an ortholog on the S. meliloti chromosome, 21 (9%) of the
orthologs were classified as having no contribution to growth in defined medium in S. meliloti
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Figure 2-3. Comparison of S. meliloti and R. leguminosarum Tn-seq data.
(A) The fitness phenotypes of essential S. meliloti genes, as determined in this study, are compared to the
fitness phenotypes of the orthologous R. leguminosarum genes, as determined by Perry et al.178. The data
for the S. meliloti copy of the genes are shown in black, while the data for the R. leguminosarum copy of
the genes are colored according to their classification by Perry et al.178. (B) The fitness phenotypes of
essential R. leguminosarum genes is compared to the fitness phenotypes of the orthologous S. meliloti
genes. The data for the R. leguminosarum copy of the genes are shown in black, while the data for the S.
meliloti copy of the genes are colored according to their classification in this study. (A,B) Normalized
fitness values are used to facilitate direct comparison between the studies as different output statistics
were calculated. For S. meliloti, the GEI score of each gene for wild-type grown in minimal medium broth
was divided by the median GEI for all genes under the same conditions. For R. leguminosarum, the
insertion density of each gene during growth on minimal medium plates was divided by the median
insertion density of all strains.

(Figure 2-3B). Whether these species-specific essentiality phenotypes are unique to the tested
environment, or if they would also be observed in a more ecologically relevant environment,
remains unclear.
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To further test the species-specificity of the above-mentioned genes, the mutational
analysis was replicated in silico, based on metabolic reconstructions. Fifteen of the 25 orthologs
specifically essential in S. meliloti were present in our existing S. meliloti genome-scale
metabolic model72 as well as in a draft R. leguminosarum metabolic model (see Materials and
Methods). Flux balance analysis was used to examine the in silico growth effect of deleting these
15 pairs of orthologs. Three pairs were classified as essential in both models, five were classified
as non-essential in both models, and seven were classified as essential specifically in the S.
meliloti model. The analysis was repeated using a more rudimentary draft S. meliloti model to
see if the results were strongly influenced by the curation level of the models. In this case, three
pairs of orthologs were classified as essential in both models, seven were classified as nonessential in both models, and five were classified as essential specifically in the S. meliloti
model. Thus, even with the draft metabolic models, the in silico metabolic simulations
corroborate at least some of the inter-species gene essentiality differences observed in the Tn-seq
data.
2.3.6 In silico analyses support a high potential for genetic redundancy in the S. meliloti genome
The results of the previous two sections are consistent with a strong genomic environment
effect on the phenotypic consequences of gene mutations. One possible explanation is the
presence of widespread genetic redundancy, at the gene and/or pathway level. In support of this,
~ 14% of chromosomal genes had a significant Blast hit when the chromosomal and
pSymA/pSymB proteomes was compared against each other. Therefore, this phenomenon was
further explored using a constraint-based metabolic modeling approach.
We first tested the in silico effect of chromosomal single gene deletions on growth rate in
the presence and absence of pSymA/pSymB (Figure 2-4A). This analysis identified 67 genes (~
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7% of all chromosomal model genes) as having a more severely impaired growth phenotype
when deleted in the absence of pSymA/pSymB genes, 38 of which were lethal. This appeared to
be due to a combination of direct functional redundancy of the gene products as well as through
metabolic bypasses, as deletion of 50 reactions dependent on chromosomal genes had a more
severe phenotype in the absence of pSymA/pSymB, 42 of which were lethal (Figure S-12).
However, there was little overlap between the in silico and Tn-seq data (Figure S-13); in cases of
differences, we would consider the Tn-seq data to be more accurate. Differences between
datasets may be a result of errors in the model, or could reflect that the model does not account
for regulation of gene expression; i.e., two genes may be correctly predicted as functionally
redundant, but this is not observed experimentally as they are expressed in unique conditions.

Figure 2-4. In silico analysis of genetic redundancy in S. meliloti.
The effects of single or double gene deletion mutants were predicted in silico with the genome-scale S. meliloti
metabolic model. All data in this figure comes from in silico metabolic modelling. (A-C) The color of each hexagon
is representative of the number of genes, gene pairs, or reaction pairs plotted at that location according to the density
bar below each panel. The diagonal line serves as a reference line of a perfect correlation (i.e., where all data would
fall if no effects were observed). (A) A scatter plot comparing the grRatio (growth rate of mutant / growth rate of
non-mutant) for gene deletion mutations in the presence (wild-type) versus absence (∆pSymAB) of the
pSymA/pSymB model genes. Genes whose deletion had either no effect or were lethal in both cases are not shown.
(B) A scatter plot comparing the grRatio for each double gene deletion pair (where one gene was on the
chromosome and the other on pSymA or pSymB) observed in silico versus the predicted grRatio based on the
grRatio of the single deletions (grRatio1 * grRatio2). Only gene pairs with an observed grRatio at least 10% less
than the expected are shown. (C) A scatter plot comparing the grRatio for each double gene deletion pair (both
genes on the chromosome) observed in silico versus the predicted grRatio. Only gene pairs with an observed grRatio
at least 10% less than the expected are shown.
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Next, a double gene deletion analysis was performed to examine the effect on growth rate
of deleting every possible pair of genes in the model. This analysis suggested that 75
chromosome-pSymAB gene pairs (encompassing 49 chromosomal genes) had a more significant
impact on growth than expected based on the combination of predicted single-mutant phenotypes
(Figure 2-4B). Additionally, synthetic negative phenotypes were observed when simultaneously
deleting 111 chromosome-chromosome gene pairs (totaling 97 chromosomal genes) (Figure 24C). Overall, 14% of chromosomal genes were predicted to have a synthetic negative phenotype
when co-deleted with a second gene. Even if metabolic modeling over-predicts the presence of
functional redundancy in a specific environment (for example, due to regulatory differences),
these results are consistent with a high potential for metabolic robustness being encoded both
within and between replicons in the S. meliloti genome.
2.3.7 A consolidated view of core S. meliloti metabolism through Tn-seq-guided in silico
metabolic reconstruction
The results described in the previous sections made it evident that a Tn-seq approach alone
is insufficient to elucidate all processes contributing to growth in a particular environment. This
is especially true if also considering non-essential metabolism that is nevertheless actively
present in wild-type cells, such as exopolysaccharide production. Moreover, it is difficult to fully
comprehend the core functions of a cell by simply examining a list of essential genes and their
predicted functions. We therefore attempted to overcome these limitations by using the Tn-seq
data to guide a manual in silico reconstruction of the core metabolic processes of S. meliloti. In
brief, we began with a reconstruction that consisted of only one reaction, the biomass production
reaction that combined all biomass components (e.g., protein, DNA, RNA, lipids, cofactors, etc.)
into ‘biomass’. Initially, only protein was included as a biomass component. Pathways required
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to produce protein were built reaction by reaction in this new reconstruction, drawing from the
reaction pool present in the existing genome-scale metabolic reconstruction, where possible. At
the same time, the genes associated with each reaction were compared to the Tn-seq data and
published literature to confirm the linkage of the correct gene(s) to each reaction. Only when all
reactions necessary for production of protein were added to the reconstruction, as determined by
the model being able to produce protein and convert it to biomass in FBA simulations, was the
next biomass precursor (e.g., DNA) added to the biomass reaction. This process was repeated
until all biomass components (Table S-3) could be produced by the model and combined into
biomass. As the final model was required to grow, where necessary, reactions required to
complete essential pathways were added to the core model even if the associated gene(s) were
not essential.
The resulting core model, termed iGD726, is summarized in Figure 2-5 and Table 2-3. The
process of integrating the Tn-seq data with in silico metabolic reconstruction resulted in a major
refinement of the core metabolism compared to the existing genome-scale model, while also
improving predictions of gene essentiality (Figure S-13): 228 new reactions were added, 115
new genes were added, and the genes associated with 135 of the 432 reactions common to the
existing genome-scale reconstruction and the new core reconstruction were updated. In addition
to improving the metabolic reconstruction, this process significantly expanded the view of core
S. meliloti metabolism compared to that gained solely through the application of Tn-seq. The
genes associated with approximately one third of the reactions in the core model were not
detected as growth promoting in the Tn-seq datasets (Figure 2-5, Table 2-3). While many of the
additional reactions present in the core model are due to the inclusion of non-essential biomass
components, which are part of the wild-type cell but are nonetheless dispensable for growth,
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Table 2-3. Summary of iGD726.
Pathways
Overall
Carbon metabolism, oxidative phosphorylation
Amino acid metabolism
Nucleotide metabolism
Fatty acid, lipid metabolism
Peptidoglycan, lipopolysaccharide, exopolysaccharide metabolism
Nucleotide sugar metabolism
Vitamin, cofactor, coenzyme metabolism
Miscellaneous metabolism
Transcription, translation, DNA replication, cell division
Transport reactions
Exchange reactions

Genes
726
105
116
34
42
47
25
109
23
153
75
0

Reactions
681
54
93
40
227
43
17
121
15
29
21
21

Reactions supported
by Tn-seq1
444 (65%)
37 (69%)
72 (77%)
39 (98%)
143 (63%)
27 (63%)
6 (35%)
83 (69%)
7 (47%)
28 (97%)
3 (14%)
N/A

1

The last column indicates reactions whose genes associations are supported by the Tn-seq data of this study.
Percentage of all reactions in that category are indicated in brackets.

others are from essential metabolic pathways (Figure 2-5, Figure S-14). Overall, the combined
approach of integrating Tn-seq data and in silico metabolic modeling allowed for the
development of a high-quality representation of core S. meliloti metabolism in a way that neither
approach alone was capable of accomplishing.

Figure 2-5. Summary schematic of core S. meliloti metabolism.
The iGD726 core metabolic model was visualized using the iPath v2.0 webserver180, which maps the
reactions of the metabolic model to KEGG metabolic pathways; it therefore does not capture metabolism
not present in the KEGG pathways included in iPath. Reactions and metabolites are colour coded
according to their biological role, as indicated. Reactions whose associated genes were not identified as
growth promoting in this study are in dashed lines.
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2.3.8 Tn-seq-guided in silico metabolic reconstruction facilitates novel gene annotation
Initially, over 20 of the reactions in the core metabolic reconstruction could not be
associated with a particular S. meliloti gene. Similarly, many genes with no clear biological
function were found to be essential in the Tn-seq screen. By attempting to fill the gaps in the in
silico model with the uncharacterized essential genes, we were able to assign putative functions
to eight previously uncharacterized genes, of which five have good support for their new
annotation (Table S-4). Two of these genes were chosen for further characterization: smc01361
And smc04042. The smc01361 gene was annotated as encoding a dihydroorotase, and targeted
disruption of smc01361 resulted in pyrimidine auxotrophy (Figure S-15). Given its location next
to pyrB, and the presence of an essential PyrC dihydroorotoase encoded elsewhere in the
genome, we propose that smc01361 encodes an inactive dihydroorotase (PyrX) required for PyrB
activity as has been observed in some other species including Pseudomonas putida181,182. The
essential smc04042 gene was annotated as encoding an inositol-1-monophosphatase family
protein. It was previously observed that rhizobia lack a gene encoding a classical L-histidinolphosphate phosphohydrolase, and it was suggested an inositol monophosphatase family protein
may fulfill this function instead183. Targeted disruption of smc04042 resulted in histidine
auxotrophy (Figure S-15), consistent with this enzyme fulfilling the role of a L-histidinolphosphate phosphohydrolase. It is likely that this is true for most rhizobia, as putative orthologs
of this gene were identified in all 10 of the examined Rhizobiales genomes.
2.3.9 Assigning functions to more S. meliloti genes via BarSeq and metabolic modeling
The examples in 1.3.8 demonstrate the power of combining Tn-seq and metabolic
modelling in the functional annotation of bacterial genomes. Based on a manual annotation of
each chromosomal gene in S. meliloti, it was determined that approximately 33% have a
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hypothetical function assigned (see Figure 2-6 and Materials and Methods 2.5.14 for details on
how functional assignments were made). Out of the eight uncharacterized genes that were
assigned new functions in this study, four were originally annotated as hypothetical with no
additional information (e.g. “hypothetical transmembrane protein”). Two out of these four
hypothetical proteins were also labelled as “conserved”, underscoring the communal benefit of
assigning functions to uncharacterized genes.
Tn-seq experiments performed in environments different from those used in this study
would allow us to identify additional genes required for robust cellular growth. Many of the
hypothetical proteins not required for growth in one condition may become essential in another.
For example, passing a Tn-mutant library through defined growth media where a single carbon,

Figure 2-6. Chromosomal gene functions in S. meliloti.
Functional assignments of each gene on the chromosome of S. meliloti, as determined in this study, to the
GO categories indicated. Percentages determined by dividing the number in a category by the total
number of chromosomal genes (3,360).
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nitrogen, phosphorous, sulfur etc. source was exchanged would enable the identification of genes
required for the metabolism of that specific nutrient. Tn-seq in hundreds of such environments
might begin to provide evidence for specific functions belonging to the vast number of
uncharacterized genes in S. meliloti. As encouraging as this prospect is, a significant limitation to
this proposal is the amount of reagents and time required to carry out the necessary experiments.
For example, preparing DNA from a single growth environment for deep sequencing takes
several enzymatic steps (with purification steps in between) and hours.
To increase the throughput of Tn-seq, Wetmore et. al. developed a technique that associates
a random DNA barcode with a transposon insertion site184. First, a random DNA barcode is
incorporated into a transposon. A flow diagram illustrating this process is depicted in Figure 2-7.
Second, with a collection of randomly barcoded transposons, a strain of interest is mutagenized.

Figure 2-7. Incorporating a random DNA barcode into a transposon.
Numbers indicate steps in the process. The abbreviations “BC” and “TE” represent barcode, and
transposon end, respectively. The N20 label represents 20 random nucleotides that make up the barcode.
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Third, Tn-seq is performed a single time to associate a random barcode with a specific insertion
site. The association of a barcode with a unique insertion site constitutes an entry in a “barcode
dictionary” that is referenced in each experiment utilizing that population thereafter. Subsequent
mutant population fitness assessments only require deep sequencing of the barcode in each
sample (BarSeq). A diagram of the necessary enzymatic steps for Tn-seq vs BarSeq is shown in
Figure 2-8. Wetmore et. al. demonstrated that up to 96 BarSeq samples could be sequenced on a
single Illumina HiSeq lane.

Figure 2-8. Enzymatic steps required for Tn-seq vs BarSeq.
(a) Enzymatic steps required to prepare extracted DNA for deep sequencing in Tn-seq experiments. (b)
Enzymatic steps required to prepare extracted DNA for deep sequencing in BarSeq experiments. Prior to
each step, DNA products must be cleaned and, at steps 1 and 4, are checked on an analytical gel.
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We made two attempts to barcode the Tn5 transposon for BarSeq in S. meliloti. The
barcoding process is initiated by amplifying the transposon with primers that incorporate a
random barcode inside the transposon end (see Figure 2-7). An ideal barcode of 20 nucleotides
would contain a random, but roughly even percentage of As, Ts, Cs, and Gs. Our first attempt
was made using barcoding primers purchased from Invitrogen (where we buy all our standard
primers). A few years ago, a student in the Griffitts lab determined that primers purchased from
Invitrogen, that included long stretches of randomized sequence, led to a disproportionally high
number of T nucleotides compared to the others. We assumed this issue would be fixed after a
few years but were disappointed to find a similar problem in our pilot experiment performed in
Agrobacterium fabrum (used because it is closely related to S. meliloti and has a faster growth
rate). New “hand mixed” primers were then ordered from IDT and a second attempt at barcoding
the Tn5 transposon was carried out. Our second pilot experiment indicated there was a much
more even distribution of nucleotides in the barcodes (see Table S-9).
While making a collection of barcoded transposons and mutagenizing S. meliloti, several
new growth media were tested for the selection of Tn-mutants. Our purpose at this phase of
making the barcoded Tn-mutant library, was to develop a single growth medium that would
allow the maximum number of Tn-mutants to grow so as many barcode-insertion site
combinations could be identified as possible. Various combinations of supplements (nucleotides,
vitamins, carbon sources, etc.) were added to LB and our final growth medium was called Ultra
Rich Medium (URM), see Materials and Methods for the composition details.
A collection of ~2x107 barcoded transposons was used to mutagenize S. meliloti and
~1x106 transposon-mutants were selected on URM. We assumed the 20-fold overabundance of
barcodes would make it less likely for a single barcode sequence to be associated with multiple
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insertion sites. The Tn-mutant library was harvested, homogenized, and frozen at -80 C in 250
aliquots. Three aliquots were thawed and DNA was extracted and prepped for deep sequencing.
After deep sequencing data were analyzed, it was determined that there were ~1.68x106 uniquely
mapping barcodes and 2.64x105 unique insertion sites. Out of 6,220 genes, 6,054 were associated
with at least one barcode and 5,638 were associated with barcodes at five or more unique
insertion sites.
2.4 Discussion
In this study, we developed two variants of the Tn5 transposon; one for construction of
non-polar insertion mutations, and another, barcoded derivative, that can be utilized for BarSeq.
Both Tn5 transposons should be readily adaptable for use with other α-proteobacteria. Although
Tn5 is generally considered to be non-specific with respect to insertion site, the consensus
sequence of ~ 190,000 unique insertion locations revealed a bias for a particular GC rich motif
(Figure S-3), largely consistent with previous studies185-187. While this bias appeared to have
little effect in mutagenesis of the high-GC genome of S. meliloti (Figure S-4), accounting for this
bias may be more important when applying Tn5 mutagenesis to species with low-GC genomes.
In S. meliloti, each replicon appears to have a distinct evolutionary trajectory77. The
pSymA replicon is a much more recent addition to the genome and is present only in a few
closely related species, such as Sinorhizobium medicae188. Although present in all sequenced S.
meliloti isolates, there is high genic variation between the pSymA replicons of individual strains,
indicative of continual gene gain and gene loss77,189. This replicon is required for the symbiotic
interaction with plants190, but few other functions can be attributed to it. On the other hand, the
pSymB replicon is thought to be an old addition to the genome, acquired prior to the split from
Brucella and sharing common ancestry with the second chromosome of the genus Brucella and
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the linear chromosome of the genus Agrobacterium191. The pSymB replicon is present in all
sequenced S. meliloti isolates, and generally shows high synteny between isolates77,189.
Functionally, pSymB is notable for controlling exopolysaccharide biosynthesis192 and for
encoding numerous solute transporters and a broad range of accessory metabolic pathways70,193,
and it is likely specialized for adaptation to the rhizosphere environment72.
Greater than 10% of bacterial species with a sequenced genome contain a genomic
architecture similar to S. meliloti, that is, with at least two large DNA replicons6,171, including
many plant symbionts (e.g., the rhizobia) and plant and animal pathogens (e.g. Burkholderia and
Vibrio). Several studies have revealed that, in many ways, each replicon acts as a functionally
and evolutionarily distinct entity (for a review, refer to52); yet, there can also be regulatory
interactions194, as well as the exchange of genetic material between the replicons65. The Tn-seq
analyses reported here provide new insights into the functional integration among replicons in a
compound bacterial genome. The prevailing view is that secondary replicons such as pSymA and
pSymB encode few to no essential genes. However, a large number of chromosomal genes—
across many functional groups (Figure 2-2)—became conditionally essential following the
removal of pSymA and pSymB. Obvious examples of this include duplicate genes, where one
copy is encoded on the chromosome and the other on a megaplasmid, as in exoN (Smb20960)
and exoN2 (Smc04023). Only when both copies are deleted is a synthetic-lethal phenotype
observed (see Figure 2-9). This demonstrates that secondary replicons actually encode many
proteins able to fulfill essential cellular functions in concert with chromosomally encoded
proteins. Gene functions on secondary replicons may thus remain cryptic due to functional
redundancy across replicons. We hypothesize that complete functional redundancy (e.g. via gene
duplication) would be a transient phenomenon, and that on an evolutionary time-scale, either i)
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one of the genes would be lost, ii) functional divergence would occur, or iii) regulatory
divergences may occur that result in differential expression of the genes as for proline
biosynthesis in Brucella195. Thus, secondary replicons have the potential to fine-tune the
functionality or regulation of genes to help an organism adapt to new environments, leading to a
robust genetic network encoded by both the chromosome and the secondary replicons.

Figure 2-9. Synthetic lethality between chromosome- and megaplasmid-encoded genes.
The left panel depicts the growth phenotype of an exoN and exoN2 double-knockout strain. Middle and right panels
depict the growth phenotypes of exoN/rhaK or exoN2/rhaK double-knockout strains.

Previous studies have illustrated that the fitness phenotypes of orthologous genes in related
species may differ163-169,196, and even that intercellular effects within microbial communities can
modify the essential genome of a species197. The data reported here more directly address the
topic of how a gene’s genotype-phenotype relationship is influenced by its genomic
environment, by comparing the fitness phenotypes of mutating the exact same set of ~ 3,500
genes in two very different genomic environments. It was found that the non-essential genome
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had a remarkable influence on what was classified as a growth-promoting gene, with 10% of S.
meliloti chromosomal genes exhibiting fitness-based genetic interactions with the non-essential
component of the genome (Figure 2-2). This observation was not growth medium-dependent,
was not unique to a specific gene functional class, and was not simply due to an overall reduced
fitness of the ΔpSymAB strain as the findings could be largely replicated in silico (Figure 2-4).
The majority of the genes whose fitness phenotype was dependent on the genomic
environment became more important for fitness following the genome reduction. In many cases,
this may reflect a loss of functional redundancy. For example, the increased importance of the
chromosomal cytochrome genes (see Figure 2-10) likely reflects a compensation for the loss of
the pSymA/pSymB encoded cytochrome complexes. In other cases, increased gene essentiality
after genome reduction may reflect pathways that must compensate for loss of a non-identical
housekeeping pathway. Proline and histidine biosynthesis during growth in the rich medium was
specifically essential in the ΔpSymAB strain (Figure 2-10), possibly to compensate for the
inability of this strain to transport these metabolites172. Similarly, glycolysis appeared
specifically essential in the ΔpSymAB strain in rich medium (Figure 2-10), likely as the reduced
metabolic capacity of this strain70 led to a greater reliance on catabolism of the abundant sucrose
in the medium used for these experiments. Specific gene essentiality in the ΔpSymAB
background may also occur as a result of synthetic negative interactions not associated with
direct redundancy; for example, synthetic effects of disrupting two independent aspects of the
cell envelope. This is evident in the ΔpSymAB-specific essentiality of the feuNPQ and ndvAB
genes involved in production of periplasmic cyclic β-glucans (Figure 2-10)198-201, as the cell
envelope of the ΔpSymAB strain is expected to be significantly altered relative to the wildtype172,192,202.
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Figure 2-10. Gene essentiality index (GEI) changes for genes of selected biological pathways.
Each data point represents an individual gene, and shows the log10 of the ratio of the GEI for that gene in
the ∆pSymAB background compared to the wild-type background. Lines indicate the median value of all
genes included from the biological process. The underlying data is given in Table S-8. Genes included in
each process are as follows: Cytochrome C oxidase related genes – ctaB, ctaC, ctaD, ctaE, ctaG, ccsA,
cycH, cycJ, cycK, cycL, ccmA, ccmB, ccmC, ccmD, ccmG; Proline biosynthesis – proA, proB1, proC;
Histidine biosynthesis – hisB, hisD, smc04042; Glycolysis and related genes – glk, frk, pgi, zwf, pgl, edd,
eda2, gap, pgk, gpmA, eno, pykA, pyc; Periplamic cyclic β-glucan biosynthesis – feuN, feuP, feuQ, ndvA,
ndvB; Arginine biosynthesis – argB, argC, argD, argF1, argG, argH1, argJ; AICAR biosynthesis – purB,
purC, purD, purE, purF, purH, purK, purL, purM, purN, purQ, smc00494; UMP biosynthesis – carA, carB,
pyrB, pyrC, pyrD, pyrE, pyrF, smc01361; LPS core oligosaccharide biosynthesis – lpsC, lpsD, lpsE.

Somewhat surprisingly, approximately a quarter of the genes with a genomic environment
effect had a greater fitness defect in the wild-type strain. In some cases, this may have been due
to the reduced nutrient demand of the ΔpSymAB strain as a result of the smaller genome content.
For example, mutations of genes for arginine biosynthesis and the biosynthesis of common
purine and pyrimidine precursors (AICAR [5-Aminoimidazole-4-carboxamide ribonucleotide]
and UMP) led to fitness defects in rich medium specifically in the wild type (Figure 2-10).
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Potentially, the uptake of these nutrients is growth-limiting to the wild type in the absence of
their de novo synthesis, whereas this is not the case in the ΔpSymAB strain due to the reduced
genome size, and thus lower nutrient requirement, and the already reduced growth rate (Figure S8). Another possibility is that removal of pSymAB evokes phenotypes that are epistatic to many
of those brought about by chromosomal mutations. For example, effects of impairing
biosynthesis of the lipopolysaccharide core oligosaccharide (Figure 2-10) may be phenotypically
masked in the absence of pSymB due to the existing cell membrane alterations brought about by
removal of pSymB172,192,202.
Our work in integrating the Tn-seq data with in silico metabolic modeling made it evident
that Tn-seq alone is insufficient to identify the entire core metabolism of an organism. Almost a
third of the reactions present in the core metabolic reconstruction were not supported by Tn-seq
data (Figure 2-5, Table 2-3, Figure S-14). Conversely, the Tn-seq data supported substantial
refinement of gene-reaction relationships in the model. In some cases, the gaps in the Tn-seq
data were due to genomic environment effects; in other cases it was due to the inclusion of nonessential reactions that are nonetheless part of ‘wild-type’ metabolism, and sometimes the gene
associated with a reaction is simply unknown. Furthermore, as Tn-seq involves growth of a
complex population of mutants, there can be phenotypic complementation through cross-feeding
if the metabolite is secreted and transferred to the mutant from the rest of the population.
That the Tn-seq approach fails to identify many central metabolic reactions could have a
significant practical impact in synthetic biology. The results of Tn-seq studies may guide
engineering of designer microbial factories with specific properties203, or assist in the
identification of putative new therapeutic targets166,204. While Tn-seq studies undoubtedly give
invaluable information to be used toward these goals, such studies alone are insufficient as
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evidenced in the recent efforts to design and synthesize a minimal bacterial genome52.
Importantly, this limitation can be overcome by combining Tn-seq with metabolic modeling.
Only a few other studies have used both Tn-seq data and metabolic reconstruction205-209, which
almost always focus on using the Tn-seq data to refine the metabolic reconstruction. As
illustrated here, combining an experimental Tn-seq approach with a ground-up in silico
metabolic reconstruction strategy can also improve the interpretation of Tn-seq data. A Tn-seqguided reconstruction forces the identification of missing essential reactions, improves genereaction associations, and can facilitate functional annotation of uncharacterized genes. This
process allows one to obtain a very high-quality representation of the metabolism (and
underlying genetics) of an organism in the given environment. The resulting model can serve as
a blueprint for understanding the workings of the cell in its native state, and for engineering new
cell-based factories.
2.5 Future directions
As noted above, there are many instances in the S. meliloti genome where multiple copies
of a gene are present (five copies of groEL, two copies of proB, seven copies of cyaF, four
copies of ilvD etc.). Analyzing genetic interactions in S. meliloti via Tn-seq and metabolic
modeling revealed the presence of functional redundancies that are less predictable than multiple
gene copies. Table S-4 includes eight predictions for compensatory genes that can function in the
absence of essential hypothetical (or broadly annotated) genes. Two of these predictions were
validated experimentally and the remaining six should also be tested. If there are cases where a
single predicted gene does not compensate for the absence of another, Tn-seq could again be
employed to identify the functional partner(s) existing elsewhere in the genome. In this case,
however, the gene of interest must first be knocked out prior to mutagenesis.
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2.5 Materials and methods
2.5.1 Bacterial strains, media, and growth conditions
The wild-type and ΔpSymAB strains used throughout this work are the RmP3499 and
RmP3496 strains, respectively, whose construction was described previously176. All E. coli or S.
meliloti strains used in this study are described in Table S-5 and were grown at 37°C or 30°C,
respectively. BRM medium was used as the rich medium for growth of the S. meliloti strains,
and it consisted of 5 g/L Bacto Tryptone, 5 g/L Bacto Yeast Extract, 50 mM NaCl, 2 mM
MgSO4, 2 μM CoCl2, 0.5% (w/v) sucrose, and supplemented with the following antibiotics, as
appropriate: streptomycin (Sm, 200 μg/ml), neomycin (Nm, 100 μg/ml), gentamycin (Gm, 15
μg/ml). The defined medium for growth of S. meliloti contained 50 mM NaCl, 10 mM KH2PO4,
10 mM NH4Cl, 2 mM MgSO4, 0.2 mM CaCl2, 0.5% (w/v) sucrose, 2.5 μM thiamine, 2 μM
biotin, 10 μM EDTA, 10 μM FeSO4, 3 μM MnSO4, 2 μM ZnSO4, 2 μM H3BO3, 1 μM CoCl2, 0.2
μM Na2MoO4, 0.3 μM CuSO4, 50 μg/ml streptomycin, and 30 μg/ml neomycin. E. coli strains
were grown on Luria-Bertani (LB) medium supplemented with the following antibiotics as
appropriate: chloramphenicol (30 mg/ml), kanamycin (Km, 30 μg/ml), gentamycin (Gm, 3
μg/ml).
2.5.2 Growth curves
Overnight cultures grown in rich medium with the appropriate antibiotics were pelleted,
washed with a phosphate buffer (20 mM KH2PO4 and 100 mM NaCl), and resuspended to an
OD600 of 0.25. Twelve μl of each cell suspension was mixed with 288 μl of growth medium,
without antibiotics, in wells of a 100-well Honeycomb microplate. Plates were incubated in a
Bioscreen C analyzer at 30°C with shaking, and OD600 recorded every hour for at least 48 hours.
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2.5.3 S. meliloti mutant construction for Tn-seq validation
Single-gene knockout mutants were generated through single cross-over plasmid
integration of the suicide plasmid pJG194210. Approximately 400-bp fragments homologous to
the central portion of the target genes were PCR amplified using the primers listed in Table S-6.
PCR products as well as the pJG194 vector were digested with the restriction enzymes
EcoRI/HindIII, or SalI/XhoI, and each PCR fragment was ligated into appropriately digested
pJG194 using standard techniques211, and all recombinant plasmids were verified by Sanger
sequencing. Recombinant plasmids were mobilized from E. coli to S. meliloti via tri-parental
matings as described200, and transconjugants were isolated on BRM Sm Nm agar plates. All S.
meliloti gene disruption mutants were verified by PCR. Transduction of the integrated plasmids
into the S. meliloti wild-type and ΔpSymAB strains was performed using bacteriophage N3 as
described elsewhere212, with transductants recovered on BRM medium containing the
appropriate antibiotics.
2.5.4 Construction of the transposon delivery vector pJG714
The plasmid pJG714 is a variant of the previously reported mini-Tn5 delivery plasmid,
pJG110210, with the primary modifications being removal of the bla gene and pUC origin of
replication, and introduction of the pir-dependent R6K replication origin. A map of pJG714 is
given in Figure S-1A, and the complete sequence of the transposable region is provided in Figure
S-1B. This delivery plasmid is maintained in E. coli strain MFDpir213, which possesses
chromosomal copies of R6K pir and RK2 transfer functions. MFDpir is unable to synthesize
diaminopimelic acid (DAP), thus disabling growth on rich or defined medium lacking
supplemental DAP. The MFDpir/pJG714 strain was cultured on rich medium containing
kanamycin and 12.5 μg/ml DAP.
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2.5.5 Tn-seq experimental setup
Transposon mutagenesis was accomplished in the wild-type and ΔpSymAB strains in
parallel. Flask cultures of MFDpir/pJG714 and the two S. meliloti strains were grown overnight
to saturation, and pellets were washed and suspended in BRM to a final OD600 value of
approximately 40. Equal volumes of each suspension were mixed as bi-parental matings, to
accomplish mobilization of the transposon delivery vector into the S. meliloti recipient strains.
These cell mixtures were plated on BRM supplemented with 50 μg/ml DAP and incubated at
30°C for 6 h. Mating mixtures were collected in BRM with 10% glycerol, and cell clumps were
broken up by shaking the suspended material for 30 min at 225 rpm. Aliquots were stored at 8°C. For selection of transposants, mating mixes were thawed and plated at a density of 15,000
cfu/plate (150-mm plates) on BRM supplemented with Sm and Nm. To accomplish equivalent
coverage of each genome with transposon insertions, 675,000 and 360,000 colonies were
selected for the wild-type and ΔpSymAB strains, respectively. For each recipient, transposon
mutant colonies were collected and cell clumps were broken up as described above. The selected
clone libraries were aliquoted and stored at -80°C.
For whole-population selection and massively parallel sequencing of transposon ends,
1x109cells from each of the two clone libraries were transferred into 500 ml of either BRM or
defined medium, allowing approximately 8–10 generations of growth at 30°C before reaching
saturation. At this stage, cells were pelleted, DNA was extracted using the MoBio Microbial
DNA isolation kit (#12255–50), and the resulting DNA was fragmented with NEB fragmentase
(#M0348S) to an average molecular weight of 1000 bp. After clean-up (Qiagen #27106), the
resulting DNA fragments were appended with short 3’ homopolymer (oligo-dCTP) tails using
terminal deoxynucleotidyl transferase (NEB #M0315S), and this sample was used as the
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template for a two-round PCR process that gave rise to the final Illumina-ready libraries. In the
first round, a transposon end-specific primer (1TN) and oligo-G primer (1GG) were used (all
primer sequences can be found in Table S-6). After clean-up, a portion of the first-round product
was used as the template for the second-round reaction employing a nested transposon-specific
primer (2TNA-C) and a reverse index-incorporating primer (2BAR01-08). A series of three 2TN
primers (A-C) were designed to incorporate base diversity in the opening cycles of Illumina
sequencing, and a series of eight 2BAR primers were designed to uniquely identify each
experimental condition in a single multiplexed sequencing sample. After PCR amplification of
transposon-flanking sequences with concomitant incorporation of Illumina adapters and
barcodes, the samples were size-selected for 200-600-bp fragments, and sequenced on an
Illumina Hi-Seq instrument as 50-bp single-end reads. Raw sequencing data was deposited to the
Sequence Read Archive (SRA) as part of a Bioproject (accession: PRJNA427834).
2.5.6 Tn-seq data analysis and calculation of gene essentiality indexes
Raw DNA-sequencing reads were used as input into a custom-built Tn-seq analytical
pipeline, which was recently described204. In brief, the pipeline first processed the fastq files and
discarded reads not containing the transposon sequence. It then aligned reads to the genome with
Bowtie2214, counted the number of reads to each annotated gene in the genome, and normalized
the results based on reads mapping to intergenic regions. Reads mapping to the last 5% of the
gene were discarded215, and all other options were left at their default settings.
The normalized read counts were used as a proxy of the transposon insertion density within each
gene. To calculate the Gene Essentiality Index (GEI) scores, a pseudo count of one was first
added to all normalized gene read counts for each replicate. GEI scores were then calculated by
summing the number of reads that mapped to the gene in both replicates, and dividing this
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number by the nucleotide length of the gene. GEI scores were calculated for each gene separately
in each medium and in each strain.
2.5.7 Statistical analysis of the Tn-seq output
The output of the Tn-seq analysis pipeline for the chromosomal genes was used in the
fitness classification of genes. Briefly, all genes with no observed insertions (i.e., no reads) were
classified as essential. Although this step may result in small genes (that lack insertions by
chance) being falsely annotated as essential, manually checking these genes showed many are
expected to be truly essential (e.g. ribosomal proteins). Next, GEI scores were imported into R
version 3.2.3 and log transformed. Initial clustering of the data was performed through the fitting
of an optimal number of overlapping Gaussian distributions to the log transformed GEI scores
(Figure S-16), using the Mclust function of the Mclust package in R216. Clusters were then
refined through the use of the affinity propagation statistical approach, implemented in the
apcluster function of the apcluster package of R217. Genes with GEI scores significantly different
between conditions were determined through clustering of the log transformed fold changes and
the fitting of overlapping Gaussian distributions with Mclust in R (Figure S-16).
Subsequent to the above analyses, the validity of the clustering-based approach in
identifying essential genes was examined by re-analyzing the data with the recently published
TSAS pipeline209. The pipeline was run independently for each sample (both replicates were
considered together) using the one-sample analysis setting and the default parameters. The TSAS
pipeline uses binomial probability to identify the probability that a gene has fewer insertions than
expected by chance, but does not distinguish between essential and growth defective genes.
Overall, the analysis i) supported the gene classifications determined using the clustering
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approach above, and ii) supported that the general conclusions drawn from this work are unlikely
to be significantly impacted by choice of analysis pipeline.
2.5.8 Gene functional enrichments
Assignment of chromosomal genes into specific functional categories was performed
largely based on the annotations provided in the S. meliloti Rm1021 online genome database
(iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi). This website pulls annotations from
several databases including PubMed, Swissprot, trEMBL, and Interpro. Additionally, it provides
enzyme codes, PubMed IDs, functional classifications, and suggested Gene Ontology (GO)
terms for most genes. The numerous classifications were simplified to 18 functional categories,
designed to adequately cover all core cellular processes. In cases of ambiguous or conflicting
annotations, the annotations were refined through an approached based on BLASTp searches.
2.5.9 Data visualization
Tn-seq results were visualized using the Integrative Genomics Viewer v2.3.97173. Scatter
plots, functional enrichment plots, box plots, and line plots were generated in R using the ggplot2
package218. Venn diagrams were produced in R using the VennDiagram package219. The genome
map was prepared using the circos v0.67–7 software180; the sliding window insertion density was
calculated with the geom_histogram function of ggplot2, and the GC skew was calculated using
the analysis of sequence heterogeneity sliding window plots online webserver220. The metabolic
model was visualized using the iPath v2.0 webserver221. The logo of the transposon insertion site
specificity was generated by first extracting the nucleotides surrounding all unique insertion sites
in one replicate of the wild type grown in rich medium using Perl v5.18.2, followed by
generation of a hidden Markov model with the hmmbuild function of HMMER v3.1b2222 and
visualization with the Skylign webserver223.
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2.5.10 Blast Bidirectional Best Hit (Blast-BBH) strategy
Putative orthologous proteins between species were identified with a Blast-BBH approach,
implemented using a modified version of our in-house Shell and Perl pipeline224. Proteomes were
downloaded from the NCBI repository, and the Genbank annotations were used. To limit false
positives, Blast-BBH pairs were only maintained if they displayed a minimum of 30% amino
acid identify over at least 60% of the protein. To identify putative, functionally duplicated
proteins in S. meliloti, the same Blast approach was employed to compare the S. meliloti
chromosomal proteome with the proteins encoded by pSymA and pSymB. The Blast-BBH
approach was used to identify putative orthologs of all S. meliloti proteins in 10 related species
within the order Rhizobiales.
2.5.11 In silico metabolic modeling procedures
All simulations were performed in MATLAB 2017a (Mathworks) with scripts from the
COBRA Toolbox (downloaded May 12, 2017 from the openCOBRA repository)225, and using
the Gurobi 7.0.2 solver (gurobi.com), the SBMLToolbox 4.1.0226, and libSBML 5.13.0227.
Boundary conditions for simulation of the defined medium are given in Table S-7. Single and
double gene deletion analyses were performed using the singleGeneDeletion and
doubleGeneDeletion functions, respectively, using the Minimization of Metabolic Adjustment
(MOMA) method. For all deletion mutants, the growth rate ratio (grRatio) was calculated as:
growth rate of mutant / growth rate of wild-type. Single gene deletion mutants were considered
to have a growth defect if the grRatio was < 0.9. For the double gene deletion analysis, if the
grRatio of the double mutant was less than 90% of the expected grRatio (based on multiplying
the grRatio of the two corresponding single mutants), the double deletion was said to have a
synthetic negative phenotype.
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2.5.12 Preparation of the genome-scale metabolic network reconstructions
In silico analysis of redundancy in the S. meliloti genome was performed using the existing
S. meliloti genome-scale metabolic network reconstruction72. A draft, fully automated model
containing no manual curation for R. leguminosarum bv. Viciae 3841 was built using the KBase
webserver (kbase.us), based on the Genbank file of the R. leguminosarum genome228. Similarly,
a draft S. melilotiRm1021 model was built using KBase, starting with the Genbank file for the S.
meliloti genome170.
2.5.13 Building the S. meliloti core metabolic reconstruction, iGD726
The iGD726 core model was built from the ground-up using the existing genome-scale
model as a reaction and GPR database, and with the Tn-seq data as a guide. Briefly, iGD726
began with no reactions except for a biomass reaction that contained only a single substrate (e.g.,
protein). All pathways required to produce protein were then added to the core model, using the
Tn-seq data as a guide and drawing reactions from the original genome-scale model, or when
necessary, from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database229. When all
reactions necessary for the production of protein were present in the model, as confirmed by the
ability of the model to produce biomass in FBA simulations, the next biomass component was
added to the biomass reaction. This process was repeated until the core model could produce all
biomass components (Table S-3). As the original model is a full genome-scale metabolic
reconstruction, encompassing core and accessory metabolism, not all reactions were transferred
to the core model; only those essential for biomass production or to accurately capture the Tnseq data were included in iGD726. Throughout the above process, the Tn-seq data were used to
refine the gene-reaction associations. Each time a new reaction was added to the core
reconstruction, the genes associated with the reaction were checked against the Tn-seq data, and
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a literature search for each associated gene was performed. The gene associations were then
modified as necessary to ensure the model accurately captured the experimental data.
Additionally, putative functions were assigned to uncharacterized genes during model
construction by trying to link essential Tn-seq genes to essential reactions lacking an associated
gene. The final model contained 726 genes, 681 reactions, and 703 metabolites. Additionally, for
each reaction, the putative orthologs of the associated genes in 10 related Rhizobiales species are
included, allowing the model to provide useful information for each of these organisms.
2.5.14 Manual annotation of S. meliloti chromosomal genes
Assignments of chromosomal genes into specific functional categories were made using a
combination of annotations within the INRI S. meliloti database
(https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi) and manual NCBI protein blasts.
The INRI database includes annotations from several additional databases including PubMed,
Swissprot, trEMBL, and Interpro. The classifications and GO terms suggested by these resources
were simplified to 18 functional categories based on GO terms thought to adequately cover all
core cellular processes. When annotations supported the sorting of a gene into more than one
category, an NCBI protein blast was performed against the non-redundant protein database. A
combination of the lowest E-value and consensus among domain annotations were then used to
aid the sorting process.
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Chapter 3: A Conserved Peptidase That Interacts With Host-Derived Symbiotic Peptides
3.1 Summary
3.1.1 Author contributions
Several years ago, Skip Price (a postdoc in the Griffitts lab) published a ground-breaking
study in PNAS on a novel aspect of symbiotic communication between Medicago truncatula and
Sinorhizobium meliloti. Skip’s work inspired a related study began by a new Griffitts-lab
postdoc, Prithwi Ghosh. I am very grateful to Prithwi for the tremendous amount of work he
accomplished in such a short period of time. When he departed BYU, I picked up the project
where he left off. Much of the work described in Chapter 2 is taken from an article published in
Scientific Reports, on which both Pritwhi and I are co-first authors. Sam Scott, an undergraduate
in the lab, did much of the sequence verification of over-expression plasmids used in the study.
3.1.2 Abstract
In the Medicago truncatula-Sinorhizobium meliloti symbiosis, chemical signaling initiates
rhizobial infection of root nodule tissue, where a large portion of the bacteria are endocytosed
into root nodule cells to function in nitrogen-fixing organelles. These intracellular bacteria are
subjected to an arsenal of plant-derived nodule-specific cysteine-rich (NCR) peptides, which
induce the physiological changes that accompany nitrogen fixation. NCR peptides drive these
intracellular bacteria toward terminal differentiation. The bacterial peptidase HrrP was
previously shown to degrade host-derived NCR peptides and give the bacterial symbionts greater
fitness at the expense of host fitness. The hrrP gene is found in roughly 10% of Sinorhizobium
isolates, as it is carried on an accessory plasmid. The objective of the present study is to identify
peptidase genes in the core genome of S. meliloti that modulate symbiotic outcome in a manner
similar to the accessory hrrP gene. In an overexpression screen of annotated peptidase genes, we
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identified one such symbiosis-associated peptidase (sap) gene, sapA (SMc00451). When
overexpressed, sapA leads to a significant decrease in plant fitness. Its promoter is active in root
nodules, with only weak expression evident under free-living conditions. The SapA enzyme can
degrade a broad range of NCR peptides in vitro.
3.2 Introduction
The symbiosis between legumes and rhizobia is initiated by the action of a variety of plant
and bacterially-derived molecules including flavonoids230-232, lipochitooligosaccharide
nodulation (Nod) factors118,233, and exopolysaccharides (EPS)115,234 (see Figure 1-5). Flavonoids
secreted from plant roots stimulate the production of rhizobial Nod factor, which initiates the
symbiotic developmental process by causing root hairs to curl around the bacteria235-237.
In the Sinorhizobium meliloti – Medicago truncatula symbiosis, production of the bacterial
EPS succinoglycan enables the development of infection threads within root hairs, allowing the
rhizobia to colonize plant tissue238,239. A portion of bacteria within the infection threads are
endocytosed into specialized nodule cells240,241, forming organelle-like assemblies called
symbiosomes where the intracellular rhizobia (termed bacteroids) fix atmospheric nitrogen for
the plant. While interkingdom signaling molecules play critical roles during bacterial entry and
early nodule development, it has also become clear that symbiotic communication is occurring
around the time that nitrogen fixation commences. This is evidenced by studies in which random
pairings of symbiotically competent Medicago hosts and Sinorhizobium strains often give rise to
infected nodules that do not fix nitrogen141,242-244. Additionally, several Fix- M. truncatula
mutants have been isolated that allow bacterial entry into nodule cells, but nitrogen fixation is
abolished245,246.
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The first evidence of a new class of late-stage symbiotic signals emerged from a
transcriptomic analysis in M. truncatula, where a large assortment of hundreds of host-derived
nodule-specific cysteine-rich (NCR) peptides were observed133. Subsequent studies of NCR
peptides revealed that they possess structural and bactericidal properties similar to the defensin
class of antimicrobial peptides204,247. At non-lethal doses, NCR peptides have several effects on
rhizobial cells: they permeabilize membranes, promote genome endoreduplication, and drive
cell-enlargement and branching, all of which presumably facilitate effective nitrogen fixation,
nutrient exchange, and suppression of rhizobial proliferation130,136,137,140,248,249. Genetic defects in
a Medicago symbiosis-specific protein secretion pathway have been shown to block NCR
peptide delivery to symbiosomes and prevent nitrogen fixation130,135. More recently, genetic
disruption of specific NCR peptide-encoding genes has been linked to failure to fix
nitrogen250,251. Taken together, legume-derived NCR peptides clearly play major roles in the later
stages of symbiotic development, leading to the terminal differentiation of rhizobia within
nodule cells and driving the nitrogen fixation and nutrient exchange that is characteristic of this
symbiotic interaction.
The influence of host-derived NCR peptides on nodule-bound bacteria has given rise to a
model in which corresponding bacterial peptidases may modulate this influence. It was
previously demonstrated that a rhizobial metallopeptidase, HrrP, strongly suppresses nitrogen
fixation in specific Medicago-Sinorhizobium combinations142. It was further shown that HrrP
degrades NCR peptides in vitro, pointing to a direct host-strain interaction at the level of host
NCR peptides and a microbial peptidase142. The hrrP gene, however, is found on a relatively rare
accessory plasmid present in about 10% of Sinorhizobium isolates252. We have more recently
turned attention to the question of whether NCR peptides are influenced, perhaps in more subtle
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ways, by peptidases that are more generally conserved in the core genome of S. meliloti.
Considering that an ensemble of cooperating peptidases may make identification difficult by
loss-of-function genetic analysis, we employed a plasmid-based overexpression screen focused
on gene candidates that most likely encode peptide-hydrolyzing enzymes.
3.3 Results
3.3.1 Identification of core genome-encoded peptidase candidates
Using the online S. meliloti 1021 genome and MEROPS peptidase databases, we identified
131 putative peptidase candidates that could be screened for effects on symbiosis. An OrthoMCL
analysis of the 23 fully sequenced S. meliloti strains in the NCBI database showed there are 70
orthologs from our set of 131 that are present in all strains253 (see Table S-10). The majority of
the 131 putative peptidases (68%) are encoded on the main chromosome with the remaining 32%
divided evenly between megaplasmids pSymA and pSymB. A similar distribution of peptidase
genes is seen on the three primary replicons of the other fully sequenced strains of S. meliloti
(data not shown). The 4 catalytic mechanisms for proteolysis represented in this set are
metallopeptidases (37%), serine (28%), cysteine (7%), and aspartic (5%) proteases, with 23%
having unknown or unannotated mechanisms. To predict the subcellular localization of each
peptidase we used PSORTb 3.0254 and it was determined that nearly half (49%) are predicted to
localize to the cytoplasm. Another 16% are predicted to localize to the cytoplasmic membrane,
5% to the periplasm, 1% to the outer membrane, with 3% secreted extracellularly, while 26%
have no predicted localization. To assist in visualizing the data presented above, see Figure 3-1.
3.3.2 Effects of peptidase overexpression on plant fitness
Genes corresponding to 28 candidate bacterial peptidases were amplified from the S.
meliloti 1021 genome and cloned in the overexpression vector pPG013 (Figure S-17),
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Figure 3-1. Graphical representation of the features of core genome-encoded peptidase candidates.
Predicted cellular localization, peptidase clan, and the replicon on which each candidate peptidase is encoded, is
depicted.

which is replicated at ~7 copies/cell. Expression of a candidate peptidase was driven by the hrrP
promoter (PhrrP) rather than its native promoter because PhrrP has been shown to be highly
active in nodules142. After cloning, individual overexpression plasmids were mated into S.
meliloti C307 for inoculating M. truncatula A20 plants. This particular strain-host pair was
chosen because of the previous observation that expression of hrrP in S. meliloti C307 leads to a
significant fitness reduction of A20 plants but not plants from the A17 accession142. Thus, the S.
meliloti C307 and M. truncatula A20 strain-host combination provides a positive control while
screening through candidate peptidases.
To test a given peptidase overexpression strain, 12 M. truncatula A20 plants were
inoculated and grown for 28 days before measuring plant fitness. Empty-vector, hrrPoverexpression, and no-inoculum controls were included in each experiment. The 28 candidate
peptidases screened in this study (Table 3-1) represent a variety of proteolytic mechanisms and
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cellular localizations. Almost all peptidases tested did not have a reproducibly noticeable impact
on plant fitness compared to controls; however, overexpression of SMc00451 (referred to
hereafter as sapA) led to a considerable decrease in shoot dry weight and nodule size in multiple
independent experiments (Figure 3-2).

Figure 3-2. Effects of over-expressing peptidases on plant fitness.
(a) Representative plants and nodules from each condition were harvested 28 dpi. Scale bars in shoot and nodule
pictures are 1 cm and 0.25 cm, respectively. (b) Shoot dry mass was determined using the average masses of 12
plants of each condition harvested 28 dpi. For statistical analysis, a one-way ANOVA with a post-hoc Dunnett’s T3
test was performed. Significance levels are indicated (ns = not significant, *** = P＜0.001, **** = P＜0.0001).
Standard error of the mean is represented in each bar.
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Table 3-1. Putative peptidases screened in M. truncatula A20 plants in this study.
Gene
Function

Predicted localization

Fixation phenotype

SMa0142

extracellular serine protease

Cytoplasmic

+

SMa1126

Protease M50

Cytoplasmic membrane

+

SMa1128

DegP4 protease-like; S1C

Periplasmic

+

SMa1292

Peptidase U32

Unknown

+

SMa1329

Peptidase; M24

Cytoplasmic

+

SMb20434

Probable Xaa-Pro dipeptidase

Cytoplasmic

+

SMb20697

Putative peptidase; Peptidase M20

Unknown

+

SMb21002

Putative methionine aminopeptidase; Peptidase M24

Cytoplasmic

+

SMb21495

Hypothetical protein; degradation of proteins

Unknown

+

SMc00451 (sapA)

Probable processing protease; M16 peptidase

Cytoplasmic

SMc00857

Probable proteinase; Peptidase S14/S49

Cytoplasmic membrane

+

SMc01001

Hypothetical transmembrane protein; Peptidase S54

Cytoplasmic membrane

+

SMc01135

Putative protease IV transmembrane protein; Peptidase S49

Cytoplasmic membrane

+

SMc01438

Probable serine protease; Peptidase S1C

Periplasmic

+

SMc01524

Putative dipeptidase; Peptidase M19

Cytoplasmic

+

SMc01905

Probable ATP-dependent LA protease; Peptidase S16

Cytoplasmic

+

SMc02095

Zinc metalloprotease M50

Cytoplasmic membrane

+

SMc02432

Hypothetical transmembrane protein; Peptidase M23B

Unknown

+

SMc02547

Putative proline iminopeptidase; Peptidase S33

Cytoplasmic

+

SMc02577

Probable heat shock protein

Cytoplasmic

+

SMc02825

Probable aminopeptidase; Peptidase M17

Cytoplasmic

+

SMc03286

Serine protease

Unknown

+

SMc03768

Hypothetical; Peptidase, trypsin-like serine and cysteine

Unknown

+

SMc03769

Serine protease; S1B

Unknown

+

SMc03783

Putative c-terminal processing protease; Peptidase S41A

Cytoplasmic membrane

+

SMc03802

ATP-dependent protease; Peptidase S16

Cytoplasmic

+
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+/-

SMc04091

Putative protease transmembrane protein; Peptidase M48

Cytoplasmic membrane

+

SMc04352

Hypothetical; transglutaminase-like cysteine peptidase

Unknown

+
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Homologs of sapA are found in all 23 fully sequenced S. meliloti genomes in the NCBI
database. It encodes an M16 family zinc metallopeptidase and is, based on an NCBI protein
BLAST search, the closest homolog encoded in the core S. meliloti genome to HrrP. SapA is
predicted to form a homodimeric complex that takes on a clamshell structure, characteristic of
the M16B subfamily, whereas HrrP is a monomeric fusion of two domains connected by a linker,
characteristic of the M16A and M16C subfamilies255. SapA has similarity to both halves of HrrP:
a pairwise amino acid sequence alignment of SapA with the N-terminal half of HrrP shows 30%
identity with 47% coverage, and alignment with the C-terminal half shows 23% identity and
62% coverage. Despite the difference in polypeptide length, their relatedness can be seen in a
phylogenetic tree containing four SapA and four HrrP homologs, with a more distantly related
sinorhizobial M16 peptidase outgroup (Figure S-18). Predicted protein structures of HrrP and
SapA underscores their similarity (Figure 3-3).

Figure 3-3. Predicted structures of HrrP and SapA.
(a) Structures of HrrP and SapA were modelled with I-Tasser and rendered by Chimera (closest PDB structural
analogs for each protein were ID codes 6OFS and 1HR6 respectively). The two roughly symmetrical domains in
HrrP are colored in blue and gold. (b) Though SapA is predicted to function as a homodimer it is depicted above in
its monomeric form, colored blue. The active sites in both HrrP and SapA (E62 and E50, respectively), are shown in
red.
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3.3.3 Degradation of NCR peptides by SapA in vitro
The HrrP peptidase is known to degrade NCR peptides in vitro, with degradation occurring
much more rapidly under reducing conditions where peptide disulfide linkages are prevented138.
This is consistent with the predicted localization of HrrP in the bacterial cytoplasm (a reducing
environment). In testing the ability of SapA to degrade NCR peptides, we began by addressing
the question of whether the peptidase is likely to encounter peptides in the bacterial cytoplasm or
extracytoplasmically. Using predictive tools to assess the subcellular localization of SapA,
analysis was carried out with SignalP-5.0256, DeepSig257, and TMHMM 2.0258. This analysis
indicated a lack of a secretion signal or transmembrane segment in the N-terminal region of
SapA. Additionally, in the predicted structural model of SapA (Figure 3-3), the N-terminus maps
to a structurally conserved 6-stranded ß-sheet, strongly suggesting that it folds into the protein’s
globular structure and does not mediate trafficking to an extracytoplasmic location.
With SapA likely to encounter NCR peptides in the cytoplasm, we purified recombinant
SapA and incubated it individually with several NCR peptides under reducing conditions. A
portion of each reaction was stopped at 0-, 2-, and 4-hour time points to observe degradation
over time via gel electrophoresis (Figure 3-4). Most peptides were at least partially degraded and
3 were fully degraded within 2 hours. A variant form of SapA (E50A), which is presumably
catalytically inactive, was purified and tested for activity against NCR peptides in the same
manner. This mutant showed no evidence of peptide degradation. The NCR peptides used in this
experiment span a range of amino acid lengths and isoelectric points, but all had four similarly
spaced cysteine residues. While it is difficult to explain the peptide substrate specificity based on
sequence or other chemical properties, it is notable that the same peptides degraded by SapA
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were also the most readily degraded by HrrP142. NCR peptide degradation is likely not a
universal property of metallopeptidases, as evidenced by our observation that S. meliloti
SMb20697, a putative M20 metallopeptidase, was purified and tested in the same conditions
with no observable NCR peptide degradation (see Figure S-20).

Figure 3-4. Degradation of NCR peptides by SapA in vitro.
SapA and a catalytically inactive version (SapA E50A) were each incubated with several different NCR peptides
individually and analyzed via tricine gel at 0, 2, and 4 hours. Images of representative experiments are shown above
though each peptide was tested for degradation in at least three separate experiments with equivalent results. Fulllength gels are presented in Figure S-19.

To test whether NCR peptide degradation by SapA is specified by peptide sequence, we
incubated SapA with NCR035 (a readily degraded substrate) and three NCR035 variants with
scrambled sequences. These sequences were designed to maintain overall amino acid
composition. The results at 0- and 2-h time points indicate that SapA exhibits selectivity for
NCR035 over the randomized sequence variants (see Figure S-21).
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3.3.4 Expression pattern of sapA
To test whether sapA is expressed in nodules, we fused the sapA promoter (PsapA) to a gus
reporter gene and followed reporter gene activity in nodules and free-living cells. For assessment
of nodule expression, M. truncatula A20 plants were infected with promoter-gus strains, nodules
were harvested 7 days post-inoculation (dpi), and these were stained to visualize GUS activity
(Figure 3-5). PsapA, as well as both positive controls (Ptrp and PhrrP) displayed GUS activity in
nodules, while no GUS activity was observed in the absence of a promoter. Similar expression
patterns were seen in nodules harvested and stained at 10 and 14 dpi (not shown).

Figure 3-5. Expression pattern of sapA in vivo and in vitro.
Promoter-gus fusion strains were made to determine if the promoter for sapA is active in nodules (a) or in free-living
cells (b). In (a), nodules were harvested 7 dpi and stained for GUS activity. Scale bars are 100 m. In (b), Miller
assays were performed on three biological replicates of each condition. Error bars correspond to 95% confidence
intervals.

To monitor PsapA activity in free-living conditions, we performed Miller assays on three
biological replicates of each promoter-gus strain in both rich and minimal media. In contrast to
nodules, PsapA displayed very low activity in either free-living condition, while positive controls
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(Ptrp and PhrrP) were both active in both media. These data indicate that sapA expression is
relatively low under free-living conditions and at least moderately high in nodules.
3.4 Discussion
Prior to symbiotic nitrogen fixation, M. truncatula compels rhizobia to terminally
differentiate, in part through the activity of secreted NCR peptides. It was previously shown that
the plasmid-encoded peptidase, HrrP, enables endosymbionts to counteract this pressure, by
selectively degrading a portion of these peptides142. The hrrP gene is only found in a small
fraction of Sinorhizobium isolates252. The current study explores the possibility that HrrP
involvement in modulating bacteroid differentiation reflects a broader phenomenon involving
peptidases present in all or most strains of a rhizobial species. Peptidases encoded in the S.
meliloti 1021 genome were screened for candidates which, when overexpressed, would
negatively impact plant benefits from the symbiosis. Of the 28 peptidases examined, homologs
for 23 of them are found in genomes of the 23 fully sequenced strains of S. meliloti in the NCBI
database. Of these 28 overexpressed peptidases, SapA was the only one that exhibited
reproducible symbiotic effects. It is notable that SapA is the closest homolog of HrrP from the
core S. meliloti genome, suggesting that this M16 metallopeptidase family is particularly suited
to the degradation of peptides in the NCR family. Indeed, M16 peptidases are known to
accommodate substrate peptides in a size range consistent with NCR peptides255.
Based on data from a tissue-specific transcriptomic study, each of the 131 peptidases
identified in this study could be detected in nodules, with varying patterns of expression across
nodule zones259. More than half of these peptidases are expressed at their highest mRNA levels
in the interzone (IZ) or zone III regions where bacteroid development and nitrogen fixation
occur. Expression of sapA also falls in this category, and in agreement with the transcriptomic
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data, we show that sapA expression is readily detectable throughout the nodule. Similarly, the
vast majority of NCR peptides, including the NCR peptides degraded by SapA in vitro, are
expressed by the host plant at their highest levels where bacteroid development and nitrogen
fixation occurs259. Two of the NCR peptides degraded by SapA (NCR247 and NCR035) have
been shown to significantly affect bacterial cell division, membrane permeability, and DNA
replication in vitro130,136,260. That NCR peptides can have such profound effects on rhizobia,
while being susceptible to degradation by conserved rhizobial peptidases, supports a model in
which the precise cocktail of peptides and the precise level of peptidase activity are vital
determinants of symbiotic compatibility.
It should be considered that NCR peptides are exogenously introduced to developing
rhizobia (through a host secretory apparatus), and the rhizobial peptidases that degrade them are
likely to be localized in the bacterial cytoplasm. Thus, the peptides must enter bacterial cells in
order to be destroyed. This may explain the seemingly counterintuitive observation that the
conserved rhizobial peptide uptake transporter, BacA, imports NCR peptides and protects
rhizobia from their antimicrobial effects144,261. Transporter-mediated uptake likely hastens the
delivery of NCR peptides to cytoplasmic bacterial degradation machinery before they can
interact with and cause damage to cell membranes. Consistent with this model, BacA expression
is known to be upregulated while bacteroid maturation is underway in the nodule262. While it is
possible for developing bacteroids to secrete peptidases to meet their NCR peptide substrates
extracellularly, this strategy may be less effective due to the more structured state of NCR
peptides in oxidizing environments. A study on the HrrP peptidase showed that NCR peptides
are nearly impervious to degradation when in their disulfide-bonded (oxidized) state138. By
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delivering these peptides to the reducing environment of the cytoplasm, the disulfide-associated
protection is likely lost, making this a more ideal location for degradation.
We present evidence, based on peptide motif-finding algorithms and structural modelling,
that SapA (like HrrP) is a cytoplasmic enzyme and, as such, can potentially inactivate imported
NCR peptides. From our analysis, it is clear that some peptides are more susceptible to
degradation than others; though there is no obvious correlation amongst susceptible peptides
based on general properties such as isoelectric point, length, or cysteine positioning. Comparing
SapA-mediated degradation of NCR035 and several of its scrambled variants, we observe that
the native sequence is more actively targeted than sequence variants that have the same overall
amino acid composition. This suggests that rhizobial peptidases recognize substrate peptides
with some degree of sequence specificity. Analysis of substrate specificity in an M16 peptidase
isolated from Bacillus halodurans revealed a preference for aromatic residues upstream of the
initial cleavage site255,263. A possible explanation for the differences in degradation of NCR035
and the scrambled variants, therefore, may be the varied positioning of aromatic residues in these
peptides. More focused studies in which residues with specific properties are manipulated could
shed more light on these kinds of questions.
The discovery of sapA came about through screening a small fraction of the total
peptidases in S. meliloti strain 1021. Continued efforts to screen for sap genes will likely allow
for the discovery of an ensemble of rhizobial peptidases that cooperate to modulate symbiotic
transactions with the plant host. We likewise suspect that no single peptidase will prove to have a
dominant influence on symbiosis based on loss-of-function phenotypes. Thus, continuing the
analysis based on overexpression phenotypes will likely be most productive. Considering that
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sapA overexpression yields modest symbiotic defects, one can imagine using this as a sensitized
background for carrying out further screening.
3.5 Future directions
Though the effects of sapA overexpression on plant fitness were not as severe as
overexpression of hrrP, sapA is much more conserved throughout rhizobial species (homologs of
sapA are found in all fully sequenced strains of S. meliloti). To test the hypothesis that some core
genome-encoded rhizobial peptidases have evolved symbiotic capacities, sapA homologs should
be overexpressed in native S. meliloti strain backgrounds and assessed for effects on plant
fitness. Additionally, as it was observed that hrrP overexpression yielded fitness defects in some
symbioses but not others, sapA in the S. meliloti 1021 background should be overexpressed in
other plant lines as well. If similarly variable results are observed, a closer inspection of plant
genotypes could identify additional host factors that play important roles in symbiotic outcome.
As the presence or absence of genes alone may not be sufficient to predict symbiotic
compatibility, transcriptomic analysis may also be necessary to assess the impact of gene dosage.
3.6 Materials and methods
3.6.1 Bacterial growth conditions
E. coli and S. meliloti strains are described in Supplementary Table S-11 and were grown in
LB (lysogeny broth) at 37 °C and 30 °C respectively and supplemented with the following
antibiotics, as appropriate: streptomycin (Sm, 200 or 100 μg/ml), neomycin (Nm, 100 or 50
μg/ml), kanamycin (Km, 30 μg/ml or 15 μg/ml). Strains of E. coli used for purifying peptidases
were grown at 30 °C. The defined medium used for growth of S. meliloti was composed of 0.5%
sucrose, 50 mM NaCl, 10 mM KH2PO4 (pH 7), 10 mM NH4Cl, 2 mM MgSO4, 215 μM CaCl2 •
2H2O, 25 μM EDTA, 25 μM FeCl3, 12 μM MnSO4, 7 μM ZnSO4 • 7H2O, 3 μM H3BO3, 1.6 μM
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nicotinic acid, 1 μM CuSO4, 970 nM pyridoxine HCl, 840 nM CoCl2, 840 nM pantothenic acid,
826 nM Na2MoO4, 820 nM biotin, 600 nM thiamine HCl, 530 nM riboflavin, 450 nM folic acid.
3.6.2 Identification of putative core genome-encoded peptidases
The S. meliloti 1021 online genome database includes annotations from Interpro, PubMed,
Swiss-Prot, and trEMBL as well as enzyme codes and functional classifications for most genes.
Enzyme codes, and generic terms including “peptidase”, “protease”, “hydrolase” and others, as
well as variations on those terms, were used to compile a large list of candidate peptidases. This
list was refined and compared with all peptidases for S. meliloti 1021 found in the MEROPS
database to obtain a final set of 131 peptidases. Any enzyme annotated as “acting on C-N (but
not peptide) bonds" or classified with an Enzyme Commission number other than 3.4 were
removed. Conserved hypothetical proteins with a generic hydrolase or hydrolase-like annotation
were included in the set.
3.6.3 Screen for symbiotically relevant peptidases
Genes for candidate peptidases were cloned into the overexpression vector pPG013
(plasmids are listed in Table S-12) using primers listed in Table S-13. Clones were verified by
Sanger sequencing and mated into S. meliloti C307 before inoculating plants. The pPG013
plasmid was constructed by assembling four fragments: the first fragment contained, pVS1 repA,
staA, and oriV, elements; the second fragment contained, kanR and the p15A oriV; the third
fragment contained, the RK2 mobilization element, oriT; finally, a multiple cloning site and the
hrrP promoter were added. A map for this plasmid is provided in Figure S-17 with sequence
details in section 5-5.
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3.6.4 Plant growth conditions and determining shoot dry weight
The A20 seeds used in these experiments were kindly provided by the Sharon Long
laboratory, Stanford University, Stanford, California. For each experimental condition, 12 seeds
were planted in a sterile mixture of washed Turface and vermiculite (4:1 ratio) and watered with
a defined nutrient medium lacking nitrogen. This medium is composed of 1 mM KH2PO4 (pH 7),
2 mM MgSO4, 2 mM CaCl2 • 2H2O, 50 μM Na2 EDTA, 50 μM FeSO4, 32 μM HBO3, 3 μM
MnSO4, 626 nM CuSO4, 414 nM Na2MoO4, 348 nM ZnSO4 • 7H2O, 84 nM CoCl2. Plants were
inoculated after 2 days and allowed to grow 28 days after inoculation before harvesting and
imaging. Representative plants were imaged using a Nikon D50 SLR camera. Harvested shoots
were placed into individual coin envelopes and incubated at 62 °C for 4 days before weighing.
3.6.5 Phylogenetic comparison of SapA and HrrP homologs
Phylogenetic analysis was carried out using the Phylogeny.fr platform264,265 and comprised
the following steps: Sequences were aligned with ClustalW (v2.1)266. After alignment,
ambiguous regions were removed with Gblocks (v0.91b)267 using the following parameters:
minimum length of a block after gap cleaning was 5, positions with a gap in less than 50% of the
sequences were selected in the final alignment if they were within an appropriate block, all
segments with contiguous nonconserved positions larger than 8 were rejected, and the minimum
number of sequences for a flank position was 55%. The phylogenetic tree was reconstructed
using the Bayesian inference method implemented in the MrBayes program (v3.2.6)268. The
number of substitution types was fixed to 6. The Poisson model was used for amino acid
substitution, while rate variation across sites was fixed to "invgamma”. Four Markov Chain
Monte Carlo (MCMC) chains were run for 100000 generations, sampling every 10 generations,
with the first 5000 sampled trees discarded as "burn-in". Finally, a 50% majority rule consensus
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tree was constructed. Graphical representation of the phylogenetic tree was rendered using
TreeDyn (v198.3)269. The GenBank accession numbers for the analyzed proteins are:
CAC45492.2, ABR59391.1, ACP24338.1, AAK86595.2, PDT36621.1, AJT61688.1,
AEG58046.1, ACI55061.1, and ACE91149.1.
3.6.6 Protein structure modelling and purification
Predicted structural models of SapA and HrrP were generated with iTASSER270 and
rendered using UCSF Chimera271-273. Various inserts containing a 6-His tag adjacent to a protein
coding sequence were cloned into the protein expression vector pJG729 (protein expression
plasmids are listed in Table S-12) using primers listed in Table S-13. This plasmid is a slightly
modified version of pSX2 (Scarab Genomics) that includes a ColE1 oriV, kanR, oriT, lacI
repressor, and a T5/lac promoter upstream of the multiple cloning site. A map for the empty
pJG729 plasmid is provided in Figure S-17 with relevant insert sequences listed at the end of
section 5.5. NiCO21 (DE3) E. coli cells harboring a protein expression plasmid were grown
overnight at 37C. Saturated culture was transferred to an LB-Km (15 μg/ml) flask and grown at
30C for 1 hour. Cultures were then induced with 300 μM isopropyl β-d-1-thiogalactopyranoside
(IPTG) and grown at 30C for an additional 6 hours before centrifuging at 8,000 RPM for 15
minutes at 4C in a Sorvall RC5C Plus (GSA rotor) or Thermo Scientific Sorvall Lynx 4000
(F12-6x500 rotor), removing supernatant, and freezing at -80C. Pellets were resuspended in
lysis buffer (1 mM EDTA pH 8, 20 mM imidazole, 0.2% Triton X-100, 300 mM NaCl, 50 mM
HEPES pH 7.8, and 0.5 mg/ml lysozyme) and incubated on ice for ~1 hour before sonication.
Disrupted cells were centrifuged at 14,000 RPM for ~45 min at 4C in a benchtop microfuge and
supernatant was transferred to a tube containing Ni-NTA agarose beads (Qiagen) and rotated for
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1 hour. Beads were washed 3 times with wash buffer (35 mM imidazole, 300 mM NaCl, 50 mM
HEPES pH 7.8) and pelleted. Elution buffer (270 mM Imidazole, 100 mM NaCl, and 50 mM
HEPES pH 7.8) was then added to the beads and allowed to incubate for up to 1 hour before
pelleting. Supernatant containing the enzyme of interest was transferred to a new tube with 50 μl
chitin resin (NEB) and rotated 50 min for removal of contaminant proteins. Beads were pelleted
and the enzyme-containing supernatant was buffer exchanged in 50 mM KH2PO4 pH 7.2, using
Bio-Gel P-6 DG media (BioRad) then stored in 20% glycerol at -80C. Concentration of protein
was measured using a Bradford assay with known protein standards.
3.6.7 In vitro NCR peptide degradation assays
Peptides were synthesized commercially from GenScript and prepared at a 1 mg/ml
concentration. Approximately 4 μg of purified SapA (or the E50A variant) was incubated with 4
μg of peptide in buffer composed of 10 mM DTT, 50 mM KH2PO4 pH 7.2, and 1 μM ZnSO4 •
7H2O. At 0-, 2-, and 4-h time points, a portion of the reaction was stopped by adding sample
buffer and transferring to ice. Sample buffer contained 32% glycerol, 150 mM Tris pH 6.8, 20
mM EDTA, 40 mg/ml SDS, 15.5 mg/ml DTT, and 0.3% bromophenol blue. Following the
addition of stop buffer, samples were moved to an 85 °C heat block for 3 min and then placed
back on ice before visualization on a tricine gel. In the experiment where SapA and NCR035 (or
scrambled variants of NCR035) were tested, less enzyme was used (approximately 2 μg of
purified SapA and 4 μg of peptide), to make subtle differences in degradation easier to visualize.
3.6.8 Quantification of GUS activity
Promoter-gus fusion strains were made by cloning various inserts into the gus expression
vector pPG178 (promoter-gus plasmids are listed in Table S-12) using primers listed in
Supplementary Table S-13. This plasmid has the same backbone as pPG013 but, unlike pPG013,
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various promoters were cloned upstream of the gus reporter gene. A map of the empty plasmid is
available in Figure S-17 with relevant insert sequences in section 5-5. Cultures used to measure
GUS activity were grown in three biological replicates. To each reaction, 20 μl of cells in log
phase (OD600 0.6–1.1) were added to a reaction composed of 520 μl basal buffer (60 mM
Na2HPO4, 40 mM NaH2PO4 pH 7), 3 μl ß-mercaptoethanol, 3 μl 20% tween, 20 μl CHCl3, and
60 μl p-Nitrophenyl α-D-glucopyranoside (8 mg/ml). Reactions proceeded 15 min before
stopping with 600 μl 1 M Na2CO3 and taking OD405 measurements.
3.6.9 Nodule staining
Harvested nodules (7 dpi) were fixed in 90% acetone for 1 h at − 20 °C. Following fixation,
nodules were washed twice in 100 mM Na2HPO4 pH 7.2 then immersed in fixative (100 mM
Na2PO4 pH 7.2, 0.5 mg/mL 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid (X-Gluc), 0.5
mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6) for 1 h 45 min at 37 °C. Nodules were then washed for 5 s
twice in separate containers of 100 mM Na2HPO4 pH 7.2, bleached for 5 min, and again washed
for 5 s twice in separate containers of 100 mM Na2HPO4 pH 7.2 before storing in ddH2O.
Stained nodules were visualized with an Olympus SZX stereomicroscope with an SZX-TBI
tilting binocular tube, WHS10X-H/22 eyepiece, and DFPLAPO 1X PF objective. Images were
taken using an Olympus U-TV1X-2/U-CAMD3SZX12 microscope camera.
3.6.10 Statement on plant material
The use of plant material in the present study compiles with international, national, and
institutional guidelines and, as a model organism, can be obtained from various laboratories and
seed companies worldwide.
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Chapter 4: Translation Initiation from Sequence Variants of the Bacteriophage T7 g10RBS in
Escherichia coli and Agrobacterium fabrum
4.1 Summary
4.1.1 Author contributions
Much of the work described in this chapter is taken from an article published in Molecular
Biology Reports and is one example of many where a few conversations with Joel can initiate an
entirely new project. After multiple group discussions about a widely used and curiously long
ribosome binding site, an undergraduate student in the Griffitts lab, Joshua Chamberlain, was
tasked with making several modifications to this sequence and determining the impact. When
Josh left BYU to pursue a PhD, the project soon became my primary focus until its completion.
While I was compiling data and writing the manuscript, Diana Calvopina was kind enough to
perform protein purification experiments that greatly enhanced the work. While the research in
this chapter is not represented in the Abstract at the beginning of this dissertation, it still
encompasses an important phase during my time at BYU.
4.1.2 Abstract
The bacteriophage T7 gene 10 ribosome binding site (g10RBS) has long been used for
robust expression of recombinant proteins in Escherichia coli. This RBS consists of a ShineDalgarno (SD) sequence augmented by an upstream translational “enhancer” element, supporting
protein production at many times the level seen with simple synthetic SD-containing sequences.
The objective of this study was to dissect the g10RBS to identify simpler derivatives that exhibit
much of the original translation efficiency. After testing 20 such derivatives using multiple
promoter/reporter gene contexts, we have identified one that maintains 100% activity in E. coli
and is 33% shorter; further minimization results in variants that lose only modest amounts of
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activity. Certain nucleotide substitutions in the spacer region between the SD sequence and
initiation codon show strong decreases in translation. When testing these 20 derivatives in the
alphaproteobacterium Agrobacterium fabrum, most supported strong reporter protein expression
that was not dependent on the translational enhancer sequence.
4.2 Introduction
Recombinant protein expression in Escherichia coli is often optimized by engineering two
control points: transcription (promoter optimization) and translation (ribosome binding site, or
RBS, optimization)274,275. The RBS from the bacteriophage T7 gene 10 (g10RBS) has been used
extensively in commercially available plasmids to stimulate recombinant protein expression in E.
coli. It was previously shown that when g10RBS is placed upstream of recombinant genes,
protein expression is increased 40-fold or more than when a synthetic consensus RBS sequence
is used276. Within this 45-nucleotide (nt) sequence, an A/U-rich 9-nt enhancer element (Enh)
upstream of the Shine-Dalgarno (SD) region is found to stimulate translation, even when its
position relative to the SD region is changed277. Several studies have examined the effects of this
Enh element on translation rates276-283. Homology between the Enh and nucleotides 458-466 in
the 16S rRNA led to an initial proposal that base-pairing underlies the increased translation
rates277,281. Modifications to nucleotides 458-466 of the 16S rRNA, however, did not support that
hypothesis279. Subsequent proposals suggest, instead, that Enh or similar elements interact with
ribosomal protein S1284-286. Beyond E. coli, the g10RBS has been shown to support high
expression of recombinant proteins in other gammaproteobacteria such as Pseudomonas,
Erwinia, and Serratia287. The objective of the present study is to more thoroughly dissect this
phage-derived RBS to identify shorter derivatives that retain translational activity in E. coli, and
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to test these derivatives in the more distantly related alphaproteobacterial species, Agrobacterium
fabrum.
4.3 Results and discussion
The full-length g10RBS used in commercial vectors to enhance translation is referred to in
this study as “FL_A,” which includes (from the 5’ end) an XbaI site, an 11-nt A/U-rich
sequence, the 9-nt Enh element, a 4-nt potential “standby” site, the SD sequence (GGAGAT),
and the SD-initiation codon spacer. The g10RBS and its potential to hybridize with the E. coli
16S rRNA are depicted in Figure 4-1a. The anti-Enh region within the 16S sequence is not found
in the alphaproteobacterial rRNAs from A. fabrum and Sinorhizobium meliloti (Figure 4-1b).

Figure 4-1. Homology between g10RBS and two positions within the 16S rRNA.
(a) Blue and red coloring indicates the Enh/Anti-Enh and SD/Anti-SD sequences, respectively. (b) Alignment of the
anti-Enh region in several species. Green coloring indicates residues conserved in all species and blue, underlined,
text indicates homology with the Enh.

A total of 21 RBS sequences, including FL_A, were ligated individually into a test plasmid that
replicates in both E. coli and A. fabrum, and encodes the mScarlet-I fluorescent protein288, driven
by a synthetic lacT5 promoter. Because the plasmid does not encode the LacI repressor, the
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lacT5 promoter behaves constitutively in these strains. Fluorescent output for each RBS was
measured in E. coli and A. fabrum (Figure 4-2) and are presented as normalized values with the
FL_A measurement in E. coli calibrated to “100”. All other fluorescence measurements
presented are normalized to that standard.
The SD sequence within FL_A (GGAGAT) does not match perfectly with the anti-SD at
the 3’ end of 16S in E. coli or A. fabrum, so the A nucleotide was changed to G to make a perfect
match (GGAGGT). We refer to this derivative as “FL_G.” For FL_G and FL_A, a series of three
5’ truncations were made. Next, the 11-nt A/U-rich sequence upstream of Enh and the 4-nt
potential standby site were simultaneously removed from FL_A and FL_G to form a condensed
RBS. These are called “CON_A” and “CON_G”, respectively. Then, four single-base
truncations were made from the 5’ end of Enh in the FL_G derivative. Finally, in the derivative
with 4 bases truncated from the 5’ end of Enh (termed “CON_GT4”), we made several
modifications to the spacer between the SD and the initiation codon by either removing bases or
replacing them to incorporate various restriction sites (see Figure 4-2).
In E. coli, the A-to-G base substitution in the SD sequence (FL_A vs FL_G) led to a 20%
drop in expression. Each of the three truncations within the FL_A sequence (“T1_A”, “T2_A”,
and “T3_A”) led to 9%, 29%, and 67% reductions in expression, respectively. In contrast, the
same three truncations within the FL_G sequence (“T1_G”, “T2_G”, and “T3_G”) led to a 2%
increase, and 9% and 44% decreases, respectively. When comparing CON_A and CON_G to
FL_A, we observed, surprisingly, that the CON_G derivative yielded expression levels nearly
identical to the parental FL_A sequence despite being 33% (15 nt) shorter, while expression
from the CON_A derivative was 12% lower than FL_A. This observation is consistent with data
from two high-throughput studies on the 5’ untranslated regions of mRNAs in E. coli, where it
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Figure 4-2. Effects of RBS modifications on fluorescent output.
(a) Sequence and length of each RBS is displayed along with its relative strength. Output/length ratio was calculated
by dividing the relative strength value by the length of the RBS sequence. (b) Relative fluorescence in each strain
was determined by using the average of 9 cultures (3 technical replicates from each of 3 biological replicates). The
wildtype g10RBS (FL_A) measurement from E. coli was calibrated to “100” with all other fluorescence values
normalized to that standard. Error bars indicate the standard deviation.

was determined that there is a preference for a G nucleotide 8 bases upstream of the initiation
codon289,290. For this reason, subsequent RBS modifications were made to the highly efficient
CON_G sequence. Four single-base deletions from the 5’ end of the enhancer element in
CON_G (“CON_GT1”, “CON_GT2”, “CON_GT3”, and “CON_GT4”) led to 17%, 26%, 55%,
and 31% reductions in expression, respectively. Modifying the spacer between the SD and the
initiation codon to incorporate restriction sites (“Spc_KpnI”, “Spc_EcoRI”, “Spc_BamHI”, and
“Spc_SacI”) led to 33%, 61%, 97%, and 89% reductions in expression, respectively. Removing 1
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and 2 bases (“Spc_T1” and “Spc_T2”) from the spacer led to 6% and 12% reductions in
expression, respectively (see Figure 4-2).
In A. fabrum, FL_A and FL_G gave nearly identical expression levels and truncations of
these yielded even higher levels of translation. In fact, the 22-nt T3_A sequence supported the
highest level of translation of all 21 sequences tested. The CON_A and CON_G RBS sequences
yielded 33% and 24% (respectively) more fluorescence than FL_A, with CON_A exhibiting
94% of the activity as T3_A. The CON_GT series of Enh truncations had similar effects in A.
fabrum as in E. coli, with the CON_GT4 variant unexpectedly giving higher expression than
CON_GT3. Levels of expression in A. fabrum remained high in most cases when modifying the
spacer between the SD and initiation codon, two exceptions being the Spc_BamHI and Spc_SacI
variants, which led to 88% and 54% decreases in expression, respectively. These are also the
variants that gave the lowest expression values in E. coli. Interestingly, cultures of A. fabrum
harboring a few of the most active RBS sequences (T1_A, T2_A, T3_A, and CON_A) initially
had high levels of fluorescence and somewhat decreased cell density. In subsequent passages of
these cultures, normal cell density was restored, but fluorescence decreased—suggesting a
fitness cost associated with such high-level expression of the reporter gene. Consistent with this,
colonies from these high-expressing strains appeared slightly smaller compared to the other
strains (see Figure S-22). Suppression of fitness defects was possibly due to mutations in the
promoter, RBS, reporter gene, or plasmid origin of replication, though the precise cause was not
investigated.
To determine if the effect of RBS variants on reporter gene expression is in part due to
flanking sequences, we selected four RBS variants to test in a new promoter/reporter context.
The RBS sequences were selected to represent a wide range of translation enhancement.
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Whereas the original system employs the lacT5 promoter and mScarlet-I reporter, the alternative
system uses the constitutive Pkan promoter (from the Tn5 transposon) and a monomeric
superfolder GFP (msfGFP) reporter. The dissimilarity of flanking sequences in these two
systems is shown in Figure 4-3a. In E. coli, no differences in relative RBS activity could be seen
between these sequence contexts (Figure 4-3b). In A. fabrum, the relative values differ
somewhat. For example, CON_GT4 gives slightly higher translation than CON_G in the
mScarlet-I context (a ~5% increase), but substantially lower activity in the msfGFP context (a
33% decrease; see Figure 4-3c).
To test the influence of the four RBS variants on protein expression and purification from
E. coli, the msfGFP gene was modified to encode a C-terminal His6 tag in each expression
plasmid. Expression and purification according to conventional methods (see Materials and
Methods) was carried out, and gel analysis of purified products is shown in Figure 4-3d.
Consistent with the fluorescence-based analysis, CON_G and CON_GT4 gave the highest yield
of recombinant protein, with T3_G yielding a lower amount, and GGT yielding undetectable
levels of recombinant protein.
Among the most notable RBS variants tested in this study, the SD-initiator spacer variants
were rather surprising, though consistent with recent work indicating that adenosine nucleotides
in this region can enhance translation, while cytidine nucleotides are unfavorable291. The most
detrimental spacer substitutions in our analysis were Spc_SacI (ATACATGAGCTC) and
Spc_BamHI (ATACATGGATCC). Both of these changes reduce the number of A nucleotides
and increase the number of C nucleotides. We acknowledge, however, that the effect of spacer
sequence on translation efficiency is idiosyncratic, as recent high-throughput studies identified
efficient RBS sequences that deviate from this rule292,293.
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Figure 4-3. Effects of selected RBS sequences on fluorescent output in a new promoter/reporter gene context.
(a) The two RBS sequence contexts are displayed. (b) and (c) Relative mScarlet and GFP fluorescence in each strain
was determined by using the average of 9 cultures (3 technical replicates from each of 3 biological replicates). Error
bars indicate the standard deviation. (d) His6 tagged GFP was purified from E. coli cells harboring the selected RBS
sequences

In both E. coli and A. fabrum, we expected the CON_GT1/2/3/4 truncation series (which
removes 1 to 4 nucleotides from Enh) to exhibit a downward trend in expression level compared
to CON_G. While this was partly true, CON_GT4 showed a rebounded level of expression
compared to CON_GT3. This observation bolsters the model in which the effect of Enh does not
necessarily depend on its propensity to hybridize to the complementary sequence on 16S279. High
levels of expression in A. fabrum for T3_A and T3_G indicate the dispensability of Enh in this
organism.
The g10RBS derivatives tested in this study display a range of observed activity, including
a minimized version (CON_G) that retains 100% activity in E. coli while being 33% shorter.
This high activity is evident in two different promoter/reporter sequence contexts. A. fabrum
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appears to be less influenced by the varying RBS sequences tested here which may be related to
the parental sequence not being native to this species. The set of RBS sequences presented here
may be useful to researchers in need of fine-tuned expression of recombinant proteins of interest
in diverse species.
4.4 Future directions
In A. fabrum strains harboring the T1_A, T2_A, T3_A, and CON_A, RBSs, high levels of
reporter protein initially led to a decreased cell density. It is assumed that, in subsequent
passages, suppressor mutations restored cell density but reduced fluorescence. Sequencing
specific regions like the promoter, RBS, reporter gene, or plasmid origin of replication, could
lead to valuable insights, especially if the mutation is in the RBS.
The two fluorescent reporter proteins used in this study, mScarlet-I and msfGFP, are
relatively similar. It would be useful to test the RBSs analyzed in this study on a non-fluorescent
protein with a unique cellular localization. PhoA, for example, is localized to the periplasmic
space in E. coli where it can fold and function properly294. Alkaline phosphatase activity could
then be measured using a standard kit or colorimetric assay to assess the quantity of expressed
reporter protein295.
After T7 phage infection, the major capsid protein (encoded by gene 10) is the most highly
expressed protein in the cell296. The major capsid protein is also the most abundant component of
the virus as it is with most structural viruses297,298. The time between T7 infection of E. coli
BL21and lysis is ~15 min with an average burst size of ~180 viral particles299. With so many
viral particles produced in such a short period of time, it makes sense that efficient translation of
the major capsid protein is necessary. Recently, the E. coli O157 phage vB_Eco4M-7 was shown
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to have an infection time of 3 – 5 min and a burst size of 100 particles300. Examining RBSs from
this phage may identify additional sequences that lead to efficient translation.
4.5 Materials and methods
4.5.1 Bacterial genetic manipulations and growth conditions
E. coli DH5a (Sharon Long collection) and A. fabrum B527 (a streptomycin-resistant
derivative of C58, Griffitts lab collection) strains were grown in lysogeny broth (LB) at 37C or
30C, respectively. Fluorescent protein expression plasmids were constructed in vitro,
transformed into DH5a, sequence-verified, and transferred to A. fabrum by conjugation using
helper strain B001200. Plasmid selection was carried out in lysogeny broth (LB) containing 30
μg/ml kanamycin (GoldBio K-120-5) (E. coli) or 100 μg/ml neomycin (Sigma N1876-25G) (A.
fabrum). Full sequences for the FL_A-containing starting plasmids (pJG1082 for mScarlet-I
expression and pAB215 for msfGFP expression) are given as supplementary information, with
the g10RBS and initiation codon capitalized. Variants of these plasmids, and primers used for
their construction, are documented in Table S-14 and Table S-15, respectively.
4.5.2 Measurement of fluorescent output
E. coli and A. fabrum strains harboring plasmids with modified RBS sequences were used
to start liquid LB cultures, which were initially grown to saturation. Saturated cultures were
passaged in triplicate to fresh LB and grown for 8 hours (E. coli) or 19 hours (A. fabrum) before
taking OD600 measurements and adjusting all cultures to an OD of 0.5. After adjustment, each
culture was then distributed in triplicate to a flat-bottom, 96-well microplate (CellStar, Fbottom), and fluorescent measurements were taken on a VICTOR Nivo Multimode Plate Reader.
For mScarlet-I measurements, the excitation and emission filters were set to 540/10nm and
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595/10nm, respectively; for msfGFP measurements, the excitation and emission filters were set
to 480/30nm and 530/30nm, respectively. Negative control strains lacking fluorescent reporters
were used to subtract background fluorescence. The wildtype FL_A measurement in E. coli was
calibrated to “100” and all other fluorescence measurements were normalized to that standard.
4.5.3 Protein purification
To prepare samples for msfGFP-His6 purification, 100-ml cultures were inoculated with 2
ml of overnight culture and allowed to grow at 30°C for 7.5 h. Centrifuged cell pellets were
frozen at -80°C overnight. Pellets were then thawed on ice and re-suspended in 1.3 ml of lysis
buffer (50 mM HEPES pH 7.8 (FisherScientific BP310-500), 300 mM NaCl (Mallinckrodt
Chemicals 7581-06), 0.2 % Triton X-100 (Sigma T8787-100 ml), 0.5 mg/ml lysozyme (Sigma
L6876-5G), 60 mM imidazole (Sigma 12399-100G), 1 mM EDTA (Sigma E4884-500G)). Lysis
took place for 1 h at 4°C. Cell lysates were then sonicated to ensure complete lysis and
fragmentation of DNA. Sonicated samples were cleared by centrifugation, and supernatant
transferred to a new microcentrifuge tube. This was incubated end-over-end with 50 μl of NTAnickel agarose beads (Qiagen 1018244) at 4°C for 30 min. Beads were washed 4 times with 1 ml
wash buffer (50 mM HEPES pH 7.8, 300 mM NaCl, and 60 mM imidazole), and protein was
eluted by incubating the beads in 50 μl of SDS-containing sample buffer at 100°C. Eluted protein
samples were resolved by SDS-PAGE (12% acrylamide, Apex Bioresearch Products 18-197) and
stained using Coomassie blue prior to imaging.
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Chapter 5: Supplementary Information
5.1 Supplementary figures for chapter 2

Figure S-1. Description of the engineered transposon Tn-714.
(A) Genetic map of the delivery vector pJG714, indicating the locations of the transposase-encoding gene (tnp),
transposon ends (TE), the kanamycin/neomycin resistance determinant (kan/neo), the Salmonella trp promoter
(Ptrp), the cis-acting mobilization determinant from plasmid RK2 (oriT), and the pir-dependent replication origin
from plasmid R6K (oriV). The transposable region is highlighted in grey. No transcriptional stop sequences are
present between the trp or kan/neo promoters and the downstream TEs. (B) Sequence of Tn5-714 (highlighted in
grey in A), indicating the transposon ends (red), Ptrp and kan/neo promoters (dotted arrows), the kan/neo coding
region (green, underlined), and the oligo-C region synthesized in the process of Illumina library preparation. Primers
used for amplification of transposon-genome junctions, and for appending the appropriate Illumina adapter
sequences, are shown, with first-round primers named with the “1” prefix and second-round primers named with the
“2” prefix. Asterisks indicate the location of 6-nt barcodes used to identify each experimental sample after
multiplexed sequencing. Actual primer sequences are given in Table S-6.
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Figure S-2. Distribution of transposon insertions along the S. meliloti chromosome.
Read counts for each Tn-seq replicate were normalized by applying a multiplicative factor such that each replicate
had an equal number of total reads. The reads for each replicate were the grouped into 25,000 base pair bins, with
each bin shifted by 5,000 bp. The value of each bin across all eight replicates were summed, giving the final total
normalized read count in each 25,000 base pair bin. The results of this analysis are provided in this figure. The Xaxis represents the S. meliloti chromosome, starting at nucleotide position one in the RefSeq genome annotation. The
Y-axis indicates the total number of normalized read counts in each 25,000 base pair bin.

Figure S-3. Logo of the transposon insertion sequence specificity.
The location of each chromosomal transposon insertions in one replicate of the wild-type strain grown in rich
medium was determined, and 186,102 unique positions were identified. Shown are the 10 nucleotides before the
insertion site (-10 to -1), the 9 nucleotides that are part of the duplicated region (D1 to D9), and the 10 nucleotides
following the insertion site (+1 to +10). The logo was generated from the hidden Markov model of the 186,102
unique insertion positions. The enrichment of G and C in the left and right ends of the logo are simply a
consequence of the high GC content of the genome.
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Figure S-4. Effect of GC content on the Tn-seq output.
(A) These box and whisker plots summarize the distribution of the GC content of all chromosomal genes (left), the
489 core growth promoting genes (middle), and the 307 core essential genes (right). (B) A correlation between the
Gene Essentiality Index (GEI) scores for each gene with the GC content of the genes. The R2 value and the residual
standard errors are given.
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Figure S-5. Independent validation of Tn-seq essential genes.
Four genes identified as essential based on the Tn-seq output were independently validated by attempting to disrupt
the coding sequences through single cross-over plasmid integration. Three plasmids were designed for each gene,
two that would disrupt the coding sequence (KO1 and KO2), and one that would not disrupt the coding sequence
(ND) as a control. The locations of each construct are shown on the left. Each plasmid was transferred to wild-type
S. meliloti via conjugation, and transconjugants selected on rich medium. Pictures of the selective plates are shown
on the right. In all cases, colonies were only observed for conjugations involving the ND plasmids, validating what
was observed in the Tn-seq data.
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Figure S-6. Reproducibility of the Tn-seq data.

Duplicate experiments were performed for each strain in each medium. The insertion density of each gene
in each experiment was calculated as the number of insertions per nucleotide. These graphs plot the
insertion density of the two duplicates of each experiment. The linear regression line of the data is shown
in red, and the adjusted R2 values and the residual standard errors are shown in the top left of each graph.
Depending on the condition, between 9 and 34 genes had an average of more than 5 reads per nucleotide,
and these genes were excluded from these graphs. (A) Wild-type grown in the rich medium, (B)
ΔpSymAB grown in the rich medium, (C) wild-type grown in the defined medium, and (D) ΔpSymAB
grown in the defined medium.
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Figure S-7. Expression level of the Tn-seq identified growth promoting genome.
The RKPM values for all S. meliloti genes (including the chromosome, pSymB, and pSymA) when grown in a
glucose minimal medium were extracted from the data set of diCenzo et al 301. Genes were assigned to a percentile
value, with higher expressed genes belonging to higher percentiles. These box and whisker plots summarize the
distribution of expression values for all chromosomal genes (left), and for the 489 core growth promoting genes
(right) as identified in this study.
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Figure S-8. Growth profiles of wild-type and ΔpSymAB.
Growth profiles are shown for the wild-type (RmP3499) and ΔpSymAB (RmP3496) S. meliloti strains grown in (A)
rich medium or (B) defined medium. Data points represent the average of triplicate samples, and do not have the
blank value subtracted.
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Figure S-9. Growth medium effect on the fitness phenotype of gene disruptions in ΔpSymAB.
(A) A scatter plot comparing the fitness phenotypes of ΔpSymAB grown in rich medium versus ΔpSymAB grown
in defined medium. (B) Functional enrichment plots for the indicated gene sets. Name abbreviations: Fit – fitness;
Dec – decrease; ΔAB - ΔpSymAB; Def – defined medium; Rich – rich medium. For example, ‘Fit. dec. ΔAB def >
rich' means the genes with a greater fitness decrease in ΔpSymAB grown in defined medium compared to rich
medium. Legend abbreviations: AA – amino acid; Attach – attachment; Carb – carbohydrate; Cofact – cofactor; e- –
electron; Met – metabolism; Misc – miscellaneous; Mot – motility; Nucl – nucleotide; Oxidoreduct – oxidoreductase
activity; Prot – protein; Trans – transduction.

105

Figure S-10. Validation of the Tn-seq determined strain specific phenotypes.
Knockout mutations, generated through single cross-over plasmid integration, of 17 genes were prepared. Numbers
shown are the CFU/mL of transductions (based on both large and small colonies), and the % CFU/mL of the rhaK
control is indicated. All transductions were performed at least two independent times, and numbers from a
representative experiment are shown. These included one control gene (rhaK) whose mutation was expected to have
no phenotype in these conditions, 14 genes identified as specifically required in the ΔpSymAB based on the Tn-seq
data, and two genes (carA, coaA) identified as specifically required in the wild-type for growth on rich media based
on the Tn-seq data. All mutations were originally made in the wild-type background, except for carA that was made
in the ΔpSymAB background. Mutations were then moved by transduction into both the wild-type and ΔpSymAB
strains, and transductants recovered on selective media. Rich medium selection plates from the transductions are
shown. Plates involving the ΔpSymAB strain were incubated for two days longer than those involving the wildtype.
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Figure S-11. Growth curves for gene mutants with a Tn-seq fitness phenotype specific to ΔpSymAB.
Growth curves are shown for S. meliloti strains with mutations of the seven genes determined to be specifically
required in the ΔpSymAB strain based on the Tn-seq data, but that were non-essential when independently mutated
based on the transduction experiment (Figure S-10). The ‘no mutation’ genotype refers to the wild-type or
ΔpSymAB strains without additional mutations, and the rhaK strain is a control mutation expected to have no effect
on growth. Data points represent the average of triplicate samples and do not have the blank value subtracted, while
the error bars show the standard error. Growth is shown for (A) wild-type derivatives grown in rich medium, (B)
wild-type derivatives grown in defined medium, (C) ΔpSymAB derivatives grown in rich medium, and (D)
ΔpSymAB derivatives grown in defined medium.

107

Figure S-12. Growth rate correlation between in silico chromosomal reaction deletion mutants of wild-type and
ΔpSymAB S. meliloti strains.
Each reaction dependent on a chromosomal gene in the S. meliloti genome-scale metabolic model was deleted in the
presence and absence of pSymA/pSymB dependent reactions, and the effect on growth recorded as a grRatio value
(growth rate of mutant / growth rate of non-mutant). The grRatio of the reaction deletions in the presence (X-axis)
compared to the absence (Y-axis) of the pSymA/pSymB reactions was plotted, and the points binned using
hexagonal binning. Reactions whose deletion had no effect in both models or whose deletion was lethal in both
models are not shown. The colour of each hexagon is representative of the number of reactions plotted at that
location, as illustrated by the density bar at the bottom of the figure. The diagonal line serves as a reference line for
reactions having equal effect in both conditions.
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Figure S-13. Overlap between experimental and in silico data.
Venn Diagrams are shown to illustrate the extent of overlap between different experimental and in silico data sets.
All Tn-seq data are taken for strains grown in defined medium. (A) For chromosomal genes included in iGD1575,
the overlap between those observed to have a synthetic negative phenotype in the absence of pSymA and pSymB as
determined with Tn-seq and metabolic modelling is shown. (B) For chromosomal genes included in iGD1575, the
overlap between those observed as important to growth (group I and II genes) in the Tn-seq data set with those
predicted by metabolic modelling to result in at least a 50% decrease in growth rate when deleted in iGD1575 are
shown. (C) For chromosomal genes included in iGD1575, the overlap between those observed as important for
growth (group I and II genes) in the Tn-seq data set with those predicted by metabolic modelling to result in at least
a 50% decrease in growth rate when deleted in iGD726 is shown.

109

Figure S-14. Amino acid biosynthesis in S. meliloti.
A summary schematic of the amino acid biosynthetic pathways of S. meliloti are shown. Central carbon metabolism
is displayed in grey. The 20 amino acids and important precursor compounds are labelled. Genes associated with the
reactions in solid blue lines were supported by the Tn-seq data of this study, while the genes associated with the
reactions in dashed red lines were not supported by the Tn-seq data of this study.
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Figure S-15. Auxotrophy analysis of S. meliloti single gene knockouts.
Growth curves of five S. meliloti mutants are shown in minimal medium supplemented with the indicated nutrients.
‘Defined medium’ indicates the medium was not supplemented with any nutrients aside from the base defined
medium composition, while other designations indicate which nutrient(s) were added to the base defined medium.
BCAA stands for ‘branched chain amino acids’. Data points represent the average of triplicate samples and do not
have the blank value subtracted, while the error bars show the standard error. (A-D) The mutations are in the wildtype (RmP3499) background. (E) The mutation is in the ΔpSymAB (RmP3496) background as the argD mutation
does not result in auxotrophy in the wild-type background.
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Figure S-16. Sample data analysis with the Mclust function.
Sample input data and clustering as determined using Mclust is shown. In each figure, the bars represent a histogram
that shows the complete distribution of the data. The smooth red line is the estimated density as calculated by Mclust
based on the data distribution. The coloured lines along the top represent the clustering as performed by Mclust;
individual lines represent individual genes, with the colour indicating the different clusters (names of the clusters are
indicated). (A) Data and clustering for the Gene Essentiality Index (GEI) scores for the wild-type grown in the rich
medium. (B) Data and clustering of the fold changes in the GEI scores of genes in the wild-type when grown in
defined medium relative to rich medium. (C) Data and clustering of the fold changes in the GEI scores of genes in
the ΔpSymAB strain relative to the wild-type strain when grown in defined medium.
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5.2 Supplementary figures for chapter 3

Figure S-17. Maps of the plasmids used in this study.
Features of plasmids for candidate peptidase overexpression (a), recombinant protein expression (b), and promotergus analysis (c) are shown.

Figure S-18. Phylogenetic relationships between SapA and HrrP homologs.
Phylogenetic tree was reconstructed using the Bayesian inference method and rendered using TreeDyn. Branches are
annotated with bootstrap values at the nodes.
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Figure S-19. Full-length gel images of in vitro NCR peptide degradation by SapA.
(a - h) SapA and a catalytically inactive version (SapA E50A) were each incubated with several different NCR
peptides individually and analyzed via tricine gel at 0, 2, and 4 hours. Two experiments were run where each of 4
gels were processed in parallel. Images of representative experiments are shown above though each peptide was
tested for degradation by SapA in at least three separate experiments with equivalent results. NCR211, NCR142, and
NCR079 were not included in the main text due to their absence in the gels, likely from degradation of the NCR
peptides in storage.
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Figure S-20. Treatment of NCR peptides with SMb20697 in vitro.
SMb20697 was incubated with several different NCR peptides individually and analyzed via tricine gel at 0, 2, and
4 hours.

Figure S-21. Degradation of NCR035 and scrambled variants by SapA in vitro.
SapA was incubated with NCR035 and three variants with randomly scrambled sequences individually and analyzed
via tricine gel at 0 and 2 hours. Images of representative experiments are shown above, though each peptide was
tested for degradation in at least three separate experiments with equivalent results.
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5.3 Supplementary figure for chapter 4

Figure S-22. Effects of high reporter-protein expression on A. fabrum.
Cultures were grown in triplicate to saturation then, at each passage, cell density was normalized before taking
fluorescence measurements. OD-adjusted cultures were then transferred to fresh media and the process was repeated
until Passage 4. Error bars indicate the standard deviation. (a) mScarlet-I fluorescence measurements for each
culture were taken, in triplicate, at each passage (nine total measurements per strain/per passage). (b) OD 600 values at
each passage were measured in triplicate (nine total measurements per strain/per passage). (c) Representative
pictures of A. fabrum colonies (from several separate experiments) after selecting for mScarlet-I reporter expression
plasmids harboring the specified RBS derivative. Scale bars represent 0.5 cm

116

5.4 Supplementary tables for chapter 2
Table S-1. Tn-seq library coverage.

Chromosomal
Chromosomal unique
Median unique
Replicate
read count *
insertion sites †
insertions per gene
Wild-type - rich - 1
8077681
186102
38
Wild-type - rich - 2
6606632
189284
39
Wild-type - defined - 1
4808590
177099
37
Wild-type - defined - 2
5048400
181586
38
∆pSymAB - rich - 1
16868958
196280
41
∆pSymAB - rich - 2
14008712
188947
40
∆pSymAB - defined - 1
11241306
199391
40
∆pSymAB - defined - 2
10193372
200918
41
* The lower read count for the wild-type samples compared to the ∆pSymAB samples is
predominately due to a significant portion of the reads mapping to the pSymA and pSymB
replicons.
† The similarities in the number of unique insertion sites across replicates suggests that the
libraries are of equal quality, and that differences in the level of saturation are not likely to
explain differences between treatments.

Table S-2. Generation times* (hours) of S. meliloti strains.

Rich medium
Defined medium
Genotype
RmP3499
RmP3496
RmP3499
RmP3496
No mutation
2.00
4.19
2.47
3.80
¥
rhaK
2.01
4.22
2.78
3.52
feuQ
2.06
2.95
2.77
3.42
coaA
1.95
4.21
3.00
3.93
tig
2.01
4.47
3.09
4.04
smc00074
1.97
4.16
3.01
3.62
ppk
1.94
4.57
2.92
5.10
smc00712
1.91
3.93
2.91
3.56
cbrA
2.11
8.75
3.52
6.23
* Generation times are calculated from the average of triplicate samples, and are shown in hours.
† The gene disrupted in each strain is indicated in the left column. The background strain that the
mutation was constructed in is shown along the top.
¥ The rhaK mutant strains are meant as control strains as mutation of this gene is expected to
have no phenotype under the tested conditions.
†
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Table S-3. Core model (iGD726) biomass composition.
Component
Percent dry mass
Composition - %
DNA a
2.8
Guanine - 31.05
Cytosine - 31.05
Adenine - 18.95
Thymine - 18.95
RNA b
7.1
Guanine - 28.09
Cytosine - 28.09
Adenine - 21.91
Uracil - 21.91
Protein c
49.3
Lysine - 3.20
Alanine - 12.01
Leucine 10.19
Phenylalanine - 3.94
Arginine 7.33
Glutamine - 2.90
Glycine - 8.46
Methionine - 2.44
Valine - 7.58
Proline - 5.03
Tyrosine - 2.29
Aspartate - 5.31
Glutamate - 5.84
Histidine - 2.11
Threonine - 5.15
Cysteine - 0.93
Isoleucine - 5.48
Tryptophan - 1.38
Asparagine - 2.64
Serine - 5.80
Phosphatidylglycerol d
1.001
Phosphatidylglycerol-1-palmitoleoyl-2-palmitic - 0.4
Phosphatidylglycerol-1,2-palmitic-2-palmitic - 1.4
Phosphatidylglycerol-1-cis-vaccenoyl-2-palmitoleoyl - 1.8
Phosphatidylglycerol-1-cis-vaccenoyl-2-palmitic - 24.9
Phosphatidylglycerol-1-palmitic-2-cis-vaccenoyl - 1.7
Phosphatidylglycerol-1-cis-vaccenoyl-2-palmitoleoyl(cyclopropanated) - 1.1
Phosphatidylglycerol-1-cis-vaccenoyl(cyclopropanated)-2-palmitoleoyl - 1.1
Phosphatidylglycerol-1-cis-vaccenoyl(cyclopropanated)-2-palmitic - 2.6
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Cardiolipin d

0.398

Phosphatidylethanolamine d

1.754

Monomethylethanolamine d

1.491

Phosphatidylcholine d

7.670

Phosphatidylglycerol-1-cis-vaccenoyl-2-cis-vaccenoyl - 57.3
Phosphatidylglycerol-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl - 7.3
Phosphatidylglycerol-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated) - 0.3
Cardiolipin-1,2-(1-palmitoleoyl-2-palmitic) - 0.4
Cardiolipin-1,2-(1,2-palmitic) - 1.4)
Cardiolipin-1,2-(1-cis-vaccenoyl-2-palmitoleoyl) - 1.8
Cardiolipin-1,2-(1-cis-vaccenoyl-2-palmitic) - 24.9
Cardiolipin-1,2-(1-palmitoleoyl-2-palmitic) - 1.7
Cardiolipin-1,2-(1-cis-vaccenoyl-2-palmitoleoyl(cyclopropanated)) - 1.1
Cardiolipin-1,2-(1-cis-vaccenoyl(cyclopropanated)-2-palmitoleoyl) - 1.1
Cardiolipin-1,2-(1-cis-vaccenoyl(cyclopropanated)-2-palmitic) - 2.6
Cardiolipin-1,2-(1-cis-vaccenoyl-2-cis-vaccenoyl) - 57.3
Cardiolipin-1,2-(1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl) - 7.3
Cardiolipin-1,2-(1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated)) - 0.3
Phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitoleoyl - 0.9
Phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitic - 7.0
Phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitoloeyl(cyclopropanated) - 1.05
Phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-palmitoloeyl - 1.05
Phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-palmitic - 2.9
Phosphatidylethanolamine-1,2-cis-vaccenoyl - 47.2
Phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl - 35.5
Phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated) - 4.4
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitoleoyl - 0.9
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitic - 7.0
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl-2-palmitoleoyl(cyclopropanated) - 1.05
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-palmitoleoyl - 1.05
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-palmitic - 2.9
Monomethyl-phosphatidylethanolamine-1,2-cis-vaccenoyl - 47.2
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl - 35.5
Monomethyl-phosphatidylethanolamine-1-cis-vaccenoyl(cyclopropanated)-2-cisvaccenoyl(cyclopropanated) - 4.4
Phosphatidylcholine-1-cis-vaccenoyl-2-palmitoleoyl - 0.9
Phosphatidylcholine-1-cis-vaccenoyl-2-palmitic - 7.0
Phosphatidylcholine-1-cis-vaccenoyl-2-palmitoleoyl(cyclopropanated) - 1.05
Phosphatidylcholine-1-cis-vaccenoyl(cyclopropanated)-2-palmitoleoyl - 1.05
Phosphatidylcholine-1-cis-vaccenoyl(cyclopropanated)-2-palmitic - 2.9
Phosphatidylcholine-1,2-cis-vaccenoyl - 47.2
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Ornithine lipids d

0.230

Poly-3-hydroxybutyrate
Glycogen
Lipopolysaccharide
Peptidoglycan
Low molecular weight
succinoglycan e
High molecular weight
succinoglycane
Vitamins, cofactors,
coenzymes, ions, and other f

17.6
0.4
3
2
4

Phosphatidylcholine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl - 35.5
Phosphatidylcholine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated) - 4.4
Sulfoquinovosyl-1-palmitoleoyl-2-palmitic-sn-glycerol - 3.0
Sulfoquinovosyl-1,2-palmitic-sn-glycerol - 17.2
Sulfoquinovosyl-1-cis-vaccenoyl-2-palmitoleoyl - 1.4
Sulfoquinovosyl-1-cis-vaccenoyl-2-palmitic - 21.8
Sulfoquinovosyl-1-palmitic-2-cis-vaccenoyl - 10.1
Sulfoquinovosyl-1-cis-vaccenoyl-2-palmitoleoyl(cyclopropanated) - 0.75
Sulfoquinovosyl-1-cis-vaccenoyl(cyclopropanated)-2-palmitoleoyl - 0.75
Sulfoquinovosyl-1-cis-vaccenoyl(cyclopropanated)-2-palmitic - 3.1
Sulfoquinovosyl-1-palmitic-2-cis-vaccenoyl(cyclopropanated)-sn-glycerol - 2.3
Sulfoquinovosyl-1-cis-vaccenoyl-2-cis-vaccenoyl-sn-glycerol - 17.8
Sulfoquinovosyl-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl-sn-glycerol - 10.5
Sulfoquinovosyl-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated)-sn-glycerol - 0.5
Sulfoquinovosyl-1-cis-vaccenoyl-steric-sn-glycerol - 10.8
Ornithine-1-palmitic-2-cis-vaccenoyl - 0.5
Ornithine-1-steric-2-palmitoleoyl - 0.7
Ornithine-1-palmitic-2-cis-vaccenoyl(cyclopropanated) - 1.0
Ornithine-1-steric-2-palmitoleoyl(cyclopropanated) - 2.1
Ornithine-1-cis-vaccenoyl-2-cis-vaccenoyl - 3.0
Ornithine-1-steric-2-cis-vaccenoyl - 37.1
Ornithine-1-cis-vaccenoyl-2-cis-vaccenoyl(cyclopropanated) - 5.3
Ornithine-1-steric-2-cis-vaccenoyl(cyclopropanated) - 49.8
Ornithine-1-cis-vaccenoyl(cyclopropanated)-2-cis-vaccenoyl(cyclopropanated) - 0.6
N/A
N/A
N/A
N/A
N/A

1

N/A

Trace

Polyphosphate
Pantothenate
Coenzyme A
NAD+; NADH
NADP+; NADPH
FAD+, FADH2

Sulfoquinovosyldiacylglycerol

0.256

d
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Folate; Tetrahydrofolate; 5,10-Methylenetetrahydrofolate
Thiamine diphosphate
Riboflavin
Biotin
Heme A
Vitamin B12 coenzyme
Undecaprenyl diphosphate
Ubiquinone-8
Pyridoxal phosphate
Glutathionine reduced
Glutathionine oxidized
All-trans-Phytoene
Holo-carboxylase
Co2+ (Cobalt)
Mg+ (Magnesium)
Ca2+ (Calcium)
Mn2+ (Manganese)
Fe3+ (Iron)
Fe2+ (Iron)
Zn2+ (Zinc)
K+ (Potassium)
Na+ (Sodium)
a
b

c
d
e

f

Composition based on the overall GC content of S. meliloti (Galibert et al, 2001).
The GC content for mRNA was estimated from the overall GC content of S. meliloti (Galibert et al, 2001). The GC content of tRNA was
estimated based on the GC content of the 10 most common codons in S. meliloti (Galibert et al, 2001; Nakamura et al, 1999). The GC content of
rRNA was determined based on the rrn loci of S. meliloti (Galibert et al, 2001). The overall composition of cellular RNA was determined
assuming 80% rRNA, 15% tRNA, and 5% mRNA.
The amino acid composition was estimated based on the codon usage of S. meliloti (Nakamura et al, 1999).
The membrane lipid composition used was as previously determined for S. meliloti (Basconcillo et al, 2009b).
A 4:1 ratio of low molecular weight (LMW) to high molecular weight (HMW) succinoglycan was set as previously determined (Glenn et al,
2007).
Each of these compounds were included at an equal, trace concentration in the biomass.
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Table S-4. Newly predicted functions for eight genes previously hypothetical or broadly annotated genes.
Locus
New
Original
Tag
Name
annotation
High confidence in predictions
smc00617 hda1
Conserved
hypothetical
protein

New Annotation

Essential
in Tn-seq?

DnaA regulatory
inactivator

Yes

smc01361

pyrX

Dihydroorotase

Inactive
dihydroorotase

Yes

smc01362

plsY
lpxI

SN-glycerol-3phosphate
acetyltransferase
UDP-2_3diacylglucosamin
e pyrophosphatase

Yes

smc02090

Hypothetical
transmembrane
protein
Conserved
hypothetical
protein

smc04042

-

Inositol-1monophosphata
se family
protein

L-Histidinolphosphate
phosphohydrolase

Yes

4-amino-4deoxychorismate
lyase

No

Weak confidence in predictions
smc04014 pabC
Hypothetical
protein

Yes

smc03995

-

Conserved
hypothetical
protein, signal
peptide

Thiaminephosphate kinase

Yes

smc01026

-

Hypothetical/un
known protein

3-deoxy-mannooctulosonate-8phosphatase

No

Notes
The Smc00617 protein was essential in the Tn-seq data. A Blastp search on the NCBI webserver
reveals similarity to DnaA domain (evalue < 1e-50). As S. meliloti contains an essential, annotated
DnaA protein, we suggest that Smc00617 is not DnaA, but an ortholog of the E. coli Hda protein (24%
identity between Had and Smc00617 of 51% of the length of both proteins), which is a DnaA-related
protein involved in DNA replication control (Kato and Katayama, 2001).
In some organisms like Pseudomonas putida, the PyrB protein requires an inactive dihydroorotase
protein to function (Schurr et al. 1995; Labedan et al. 2004). The Smc01361 protein is encoded
downstream of the PyrB protein, is annotated as a dihydroorotase, and appeared essential in this Tnseq study. As an essential PyrC dihydroorotoase is encoded elsewhere in the genome, we postulate
that Smc01361 is an inactive dihydroorotase required for PyrB function.
The smc01362 gene product shows similarity to PlsY proteins and it appeared essential in this Tn-seq
data. Therefore, we have annotated this gene as plsY.
The gene smc02090 is located in a locus containing lipopolysaccharide biosynthetic genes. It also
appeared essential in this Tn-seq data. Therefore we have reannotated this gene as lpxI, whose product
replaces the function of the LpxH protein of E. coli based on previous work with C. crescentus
(Metzger and Raetz 2010).
It was previously noted (Dunn 2015) that rhizobia lack the classical enzyme catalyzing this reaction
and that the HisB enzymes of rhizobia are unlikely to be bifunctional and also perform this role.
Instead, it was hypothesized that an inositol monophosphatase family protein could fulfil this function
(Dunn 2015). As Smc04042 is an inositol monophosphatase family protein that appears essential in
Tn-seq work (Tn-seq), we postulate that Smc04042 might fulfill this role.
Given that smc04014 is adjacent to pabB and its product has (weak) similarity to PabC enzymes, we
predict this gene encodes a PabC enzyme and have annotated it as such. However, smc04014 did not
appear essential in this Tn-seq data, suggesting that if PabC catalyzes this reaction, there must be a
bypass or another enzyme capable of complementing for its loss. One possibility would be TrpG.
The smc03995 gene appeared essential in this Tn-seq data. As this gene appears to be part of an operon
with thiE2 (involved in the previous reaction in thiamine biosynthesis), and as the protein functioning
as the thiamine kinase in S. meliloti has not been identified, we predict that Smc03995 may fulfill this
function. However, this may be incorrect, particularly as thiamine was included in the medium, which
we expect should have rendered this reaction non-essential (and thus smc03995 still being essential
may suggest it plays a different function).
An enzyme performing this activity has not been identified in S. meliloti. We have annotated
Smc01026 as this enzyme as a prediction based on co-occurrence with the kdsA gene in S. meliloti
(likely an operon) and in other organisms (see the STRING database). However, the gene did not
appear to be essential in this Tn-seq data, and thus if this protein does have this function, there must
be another protein able to complement its loss.
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Table S-5. Bacterial strains and plasmids.
Strains or plasmids
Relevant characteristics/description
Sinorhizobium meliloti
RmP3496
S. meliloti ∆pSymAB
RmP3499
RmP3496 with pSymA and pSymB re-introduced
AB001
∆proC in RmP3496
AB002
∆proC in RmP3499
AB003
∆cbrA in RmP3496
AB004
∆cbrA in RmP3499
AB005
∆tig in RmP3496
AB006
∆tig in RmP3499
AB007
∆feuQ in RmP3496
AB008
∆feuQ in RmP3499
AB009
∆ppk in RmP3496
AB010
∆ppk in RmP3499
AB011
∆smc00712 in RmP3496
AB012
∆smc00712 in RmP3499
AB013
∆rhaK in RmP3496
AB014
∆rhaK in RmP3499
AB015
∆amiC in RmP3499
AB016
∆fbpB in RmP3499
AB017
∆aidB in RmP3499
AB018
∆smc00575 in RmP3499
AB019
∆tal in RmP3499
AB020
∆kpsF3 in RmP3499
AB026
∆carA in RmP3499
AB021
∆carA in RmP3496
AB022
∆exoN2 in RmP3499
AB023
∆exoN in RmP3499
AB024
∆coaA in RmP3499
AB033
∆coaA in RmP3496
AB025
∆smc00074 in RmP3499
AB034
∆smc00074 in RmP3496
AB028
∆smc01361 in RmP3499
AB029
∆argD in RmP3499
AB037
∆argD in RmP3496
AB030
∆ilvC in RmP3499
AB031
∆serC in RmP3499
AB032
∆smc04042 in RmP3499
Escherichia coli
DH5α
E. coli cloning and expression strain
B001
DH5α harboring helper plasmid pRK600 (CmR)
Plasmids
pJG194
2.2 kb mobilizable suicide plasmid (KmR/NmR)
pRK600
Self-transmissible helper plasmid (CmR)
pJG714
Transposon delivery vector for Tn-seq (KmR/NmR)
pJG796
3.8 kb mobilizable suicide plasmid (GmR)
pAB001
ftsK fragment cloned into pJG194
pAB004
proC fragment cloned into pJG194
pAB006
smc00074 fragment cloned into pJG194
pAB008
amiC fragment cloned into pJG194
pAB010
fbpB fragment cloned into pJG194
pAB012
cbrA fragment cloned into pJG194
pAB014
tig fragment cloned into pJG194
pAB016
feuQ fragment cloned into pJG194
pAB018
aidB fragment cloned into pJG194
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Source or reference
(diCenzo et al, 2016b)
(diCenzo et al, 2016b)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(Grant et al, 1990)
(Finan et al, 1986)
(Griffitts & Long, 2008)
(Finan et al, 1986)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

pAB019
pAB021
pAB023
pAB024
pAB025
pAB026
pAB027
pAB028
pAB030
pAB031
pAB032
pAB033
pAB034
pAB035
pAB036
pAB037
pAB038
pAB039
pAB040
pAB041
pAB042
pAB043
pAB047
pAB048
pAB049
pAB050
pAB051
pAB052

ppk fragment cloned into pJG194
smc00575 fragment cloned into pJG194
tal fragment cloned into pJG194
kspF3 fragment cloned into pJG194
exoN2 fragment cloned into pJG194
smc00712 fragment cloned into pJG194
carA fragment cloned into pJG194
coaA fragment cloned into pJG194
exoN fragment cloned into pJG194
smc02836 fragment cloned into pJG194
rhaK fragment cloned into pJG194
argD fragment cloned into pJG194
smc04042 fragment cloned into pJG194
smc01361 fragment cloned into pJG194
ilvC fragment cloned into pJG194
serC fragment cloned into pJG194
smc01011 knock out 1 fragment cloned into pJG194
smc01011 knock out 2 fragment cloned into pJG194
smc01011 Non-disruption fragment cloned into pJG194
smc03995 knock out 1 fragment cloned into pJG194
smc03995 knock out 2 fragment cloned into pJG194
smc03995 Non-disruption fragment cloned into pJG194
fumC Non-disruption fragment cloned into pJG194
fumC knock out 1 fragment cloned into pJG194
fumC knock out 2 fragment cloned into pJG194
pdxJ Non-disruption fragment cloned into pJG194
pdxJ knock out 1 fragment cloned into pJG194
pdxJ knock out 2 fragment cloned into pJG194
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This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Table S-6. Oligonucleotides used in this study.
Name
Oligonucleotide sequence
Tn-seq primers
1TN
CTGACCCGGTCGAC1
1GG
CAGACGTGTGCTCTTCCGATCggggggggggg
2TNA
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGAGATGTGTATAAGAGACAG
2TNB
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCGAGATGTGTATAAGAGACAG
2TNC
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGATCGAGATGTGTATAAGAGACAG
2BAR1
CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR2
CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR3
CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR4
CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR5
CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR6
CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR7
CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
2BAR8
CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
smc01335 -amiC Distruption
01335F
5'- cccgaattcAAGTGAAGCCGGTGGAGG
01335R
5'- gggaagcttAACGTGTCGGCGTGAACCG
01335C
5'- ATCGTGTAGACCGTGGCGCC
smc00074 Disruption
00074F
5'- cccgaattcTCGCAGCCGGTCTCGTGAT
00074R
5'- gggaagcttGGTATCGCCTGATCCCGT
00074C
5'- CGTTCATCGTTCCGAGCG
smc02050 -tig Disruption
02050F
5'- cccgaattcTCGACGGCGAAGCCTTCG
02050R
5'- gggaagcttAGGCGCTCGGGTGTATCG
02050C
5'- CGGTGTTGATCTGGCGCC
smc00129 -feuQ Disruption
00129F
5'- cccgaattcTATCGACCGCTTCACGCG
00129R
5'- gggaagcttTGGCGCGGCTGAGATAGG
00129C
5'- GAACCGACCCGCGCTGGG
smc00776 -cbrA Disruption
00776F
5'- cccgaattcGGCAGTGGGAAAGATGCG
00776R
5'- gggaagcttTCCATTGCCGCAGCAGGG
00776C
5'- GCTGCTCATGGCTGCACC
smc03808 -ftsK Disruption:
03808F
5'- gacgaattcGGCACATTGAACGAGCCGG
03808R
5'- gggaagcttACATGGATGATCTCGCCC
03808C
5'- GCCGGTTCCAGCTCATAG
smc01359 -aidB Disruption
01359F
5'- cccgaattcTACCTCCACGGCCGAACG
01359R
5'- gggaagcttTATCGAAGGCTTCGGCCAGG
01359C
5'- TCGCGACCGGCGTCATGAT
smc00575 Disruption
00575F
5'- cccgaattcGCCGCTGGAGGCGAACAAGAA
00575R
5'- gggaagcttGCAGCGGTCATCTGCTTG
00575C
5'- CTCCCAGATCTGCTGCAC
smc00618 ppk Disruption
00618F
5'- cccgaattcAGGAACTCGGCGTTCCCG
00618R
5'- gggaagcttCGGATATTTGCCTCCTCG
00618C
5'- CCGAAAACCACCTGCACG
smc00775 -fbpB Disruption
00775F
5'- cccgaattcTCACGCTCGTTGCCATGG
00775R
5'- gggaagcttCAGGAACTGGTCGAGGCG
00775C
5'- GACACCAGGATGCTGTGC
smc02677 -proC Disruption
02677F
5'- cccgaattcTCTTCCTCGCGGTCAAGC
02677R
5'- gggaagcttTAGGTCCGCCTCGAGTCC
02677C
5'- GGTTTCCCGAGCAAGACG
smc02495 -tal Disruption
02495F
5'- cccgaattcCGACATCGTCGAGGTTACCA
02495R
5'- gggaagcttGGCTTCCTTCACGTGGTTGA
02495C
5'- CCTTCCACTCCATGCCATT
smc02268 -kpsF3 Disruption
02268F
5'- cccgaattcATGATCACCGCTCAGGATGC
02268R
5'- gggaagcttGTGATGACGCCGATCAGCTT
02268C
5'- CGGTGAGACTCAGCGAAGA
smc04023 -exoN2
04023F
5'- cccgaattcGGACAAGCCGGTCATCCAAT
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04023R
5'- gggaagcttTCGACCATCCTGGTGATCCT
04023C
5'- GCAGGATGTAGCGGCCATT
smc00712 -hypothetical
00712F
5'- cccgaattcAGATCCAGAAGCGGCTGACT
00712R
5'- gggaagcttATGCTGAGTGCCGCGTCTA
00712C
5'- ACTCTGCCTTGTCCGCAA
smc03826 -argG
03826F
5'- cccgaattcGCTCGGCATCAAGGAGATCT
03826R
5'- gggaagcttTGCGCATGTGCACGTATTC
03826C
5'- CTTGTCAGGTGCCGCTTC
smc01569 -carA
01569F
5'- cccgaattcAGGACATCGAGGATCTGACG
01569R
5'- gggaagcttTCGAGAGCCACGACGTGATA
01569C
5'- ATGACCGGCACGGCATATT
smc02567 -coaA
02567F
5'- cccgaattcAACGATCCGGTCGATCTCGA
02567R
5'- gggaagcttATAGGTCGGAGCCTTGACGT
02567C
5'- AGACCATCGGCACGATCTT
smc01011 -KO1
01011KO1F
5'- cccgaattcTCAGCCCGCTCATCACCGAT
01011KO1R
5'- gggaagcttCCATCCTCCTTCACGTCGGA
smc01011 - KO2
01011KO2F
5'- cccgaattcAAGATTCGCGTGCCCGAAGA
01011KO2R
5'- gggaagcttGAGGATCGACCAGGCGGTAT
smc01011 - ND
01011NDF
5'- cccgaattcCCGCAACAAGGACAAGATCT
01011NDR
5'- gggaagcttACGGCAATGTCGCTGGACGA
01011NDC
5'- GAGGAGCGCTCGGTCAACAT
smc03995 - KO1
03995KO1F
5'- cccgaattcATCACGCCTTTCAACGGCGC
03995KO1R
5'- gggaagcttTTCATCAGTTCGTCGGCCCT
smc03995 - KO2
03995KO2F
5'- cccgaattcATGCGCTGATCCTGATGGAG
03995KO2R
5'- gggaagcttGAGATGGGAGAGCCGGTTCT
smc03995 - ND
03995NDF
5'- cccgaattcAAGTGGTACGTGCTCTCGCG
03995NDR
5'- gggaagcttTTGAAGACGGCCTGGACCAT
03995NDC
5'- GTACTTCGCCGAAATCGCGT
smc00149 -fumC KO1
00149KO1F
5'- cccgaattcCGGAACCCAGTCGAACATGA
00149KO1R
5'- gggaagcttTTGATCGAGGAGGCGACCTG
smc00149 -fumC KO2
00149KO2F
5'- cccgaattcACATCATCAAGATCGGCCGC
00149KO2R
5'- gggaagcttTTGACCTTGCCCGGCATGAT
smc00149 -fumC ND
00149NDF
5'- cccgaattcATGCTGGTGACTGCGCTTGC
00149NDR
5'- gggaagcttTCATCGTGGTCACGATCGGC
00149NDC
5'- CTGCCTTGACCGGTTCCTTC
smc01407 -pdxJ KO1
01407KO1F
5'- cccGTCGACTTCCGATCTCCAGCCGATCC
01407KO1R
5'- gggCTCGAGTAGAGTTCTATGCGGTCGGC
smc01407 -pdxJ KO2
01407KO2F
5'- cccGTCGACTCGCAAGAGCCATAACCTGC
01407KO2R
5'- gggCTCGAGGGTCTCGGCCATTCCGTATT
smc01407 -pdxJ ND
01407NDF
5'- cccgaattcGAAGTCTCGATCGGACACGG
01407NDR
5'- gggaagcttGCAATTGCGAGATACAGCGG
01407NDC
5'- TAAAGTCGATGCCGAGCGCG
smc01800 -ctaA
01800F
5'- cccgaattcTCTACCAGCGCATTCCGCAA
01800R
5'- gggaagcttACGATCGCGCCCAGATAGAT
01800C
5'- TAGCTCAGACCCGCATCGAG
smc02838 -gpmA
02838F
5'- cccgaattcGCGCTTGCCGATTACGGCAT
02838R
5'- gggaagcttGGTCGCGAGGTTGAGCTTGA
02838C
5'- GTCGAATCCGCGTTCAGCTT
smc00644 -hypothetical
00644F
5'- cccgaattcTTGGCATACATCCGGTCGAG
00644R
5'- gggaagcttTCTCTGTTCTGCCAGTAGGC
00644C
5'- ATGAGCTTCGCGACCATGCC

126

pJG796 vector check primers
VCpJG7961
5'- TACACATCTCGAGGTCGACG
VCpJG7962
5'- AGATCTCACTACGCGGCTGC
smc02138 -argD
02138F
5'- cccgaattcTCTTCACCAATTCGGGTGCG
02138R
5'- gggaagcttTTCATGGGCGAAGAGCTTGC
02138C
5'- TTCGGCGAGAACGACGTCGA
smc04042
04042F
5'- cccgaattcTGCATTCATCTCCGGCCTGC
04042R
5'- gggaagcttTGCTCGATCAGCGGAATGAG
04042C
5'- CCTGCCAGTCGGTGATGATT
smc01361
01361F
5'- cccgaattcTGCACGATACGCTCGTGCTT
01361R
5'- gggaagcttTCGACGTCCTGCGGATCATG
01361C
5'- TCAAGGTCGATGACGGCGAT
smc04346 -ilvC
04346F
5'- cccgaattcACGGCCTCAACGTCCACTTC
04346R
5'- gggaagcttCGACGATCAGCTTCACTTCG
04346C
5'- TGTCTTCGGTGATGATGCGC
smc00640 -serC
00640F
5'- cccgaattcGACGTGGTCTTCACCTGGAA
00640R
5'- gggaagcttCCAGAGAAGCGCGTCGATAT
00640C
5'- AGGTTGGCGATCCAGTCGTT
smb20960 -exoN
20960F
5'- cgcggatccTTCCGAACTCGAGGCCATGT
20960R
5'- gcgtctagaGCCATCGGTCAACTGGATCT
20960C
5'- GAAGGCGACATTGGCTTCGA
20960C
5'- ACGACGAATGCGGCCACAAG
pJG520 vector check primer
VCpJG520
5'- CCGCAGTGGCTCTCTATACA
smc03003 -rhaK non-disruption control
03003F
5'- cccgaattcCTGAACAGCACGGGAACGAG
03003R
5'- gggaagcttCATACAGCGCCATGCGTCTC
03003C
5'- AACGCAGCCACAGGTTTTC
1

Nucleotides annealing to the template are in uppercase letters. Five prime extensions to facilitate clonings are in
lowercase letters. Underlines nucleotides in the Tn-seq primers indicate locations of sequence variability in each
series of primers.
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Table S-7. Boundary conditions for in silico metabolic modelling analyses.

Exchange reaction
EX_cpd00013_e0
EX_cpd00001_e0
EX_cpd00007_e0
EX_cpd00009_e0
EX_cpd00011_e0
EX_cpd00030_e0
EX_cpd00034_e0
EX_cpd00048_e0
EX_cpd00058_e0
EX_cpd00063_e0
EX_cpd00067_e0
EX_cpd00076_e0
EX_cpd00099_e0
EX_cpd00104_e0
EX_cpd00149_e0
EX_cpd00205_e0
EX_cpd00254_e0
EX_cpd00971_e0
EX_cpd10515_e0
EX_cpd10516_e0
EX_cpd00305_e0

Compound
Ammonia (NH3)
Water (H2O)
Oxygen (O2)
Phosphate (PO43-)
Carbon dioxide (CO2)
Manganese (Mn2+)
Zinc (Zn2+)
Sulfate (SO42-)
Copper (Cu2+)
Calcium (Ca2+)
Proton (H+)
Sucrose
Chloride (Cl-)
Biotin
Cobalt (Co2+)
Potassium (K+)
Magnesium (Mg+)
Sodium (Na+)
Iron (Fe2+)
Iron (Fe3+)
Thiamine

Lower
boundary
-101
-10
-10
-10
-10
-10
-10
-10
-10
-10
-10
-1
-10
-10
-10
-10
-10
-10
-10
-10
-10

1

Upper
Boundary
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

All values are given in units of: mmol (g cell dry weight) -1 hr-1. All exchange reactions not listed has a lower bound
of ‘0’ and an upper bound of ‘1000’.
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Table S-8. Gene essentiality data represented in Figure 2-10.

Gene
Wild-type GEI
∆pSymAB GEI
log10(GEI ratio [∆pSymAB / wild-type])
Cytochrome C oxidase related proteins, defined medium
ctaC
0.812
0.040
-1.313
ctaD
0.107
0.011
-0.979
ctaB
0.081
0.061
-0.123
ctaG
1.454
0.146
-0.999
ctaE
0.168
0.014
-1.091
ccsA
0.401
0.007
-1.775
cycH
2.037
1.559
-0.116
cycJ
1.344
0.658
-0.310
cycK
1.454
0.140
-1.016
cycL
1.077
0.252
-0.630
ccmA
0.990
0.131
-0.877
ccmB
1.664
0.130
-1.106
ccmC
1.265
0.272
-0.667
ccmD
1.367
0.011
-2.083
ccmG
2.368
0.264
-0.952
Proline biosynthesis, rich medium
proB1
7.335
0.267
-1.438
proA
4.505
0.002
-3.285
proC
2.250
0.002
-2.964
Histidine biosynthesis, rich medium *
hisB
2.530
0.010
-2.410
smc04042
0.600
0.062
-0.989
hisD
0.103
0.008
-1.089
Glycolysis and related proteins, rich medium
glk
2.613
0.342
-0.883
frk
0.673
0.008
-1.950
pgi
0.001
0.001
0.000
zwf
0.235
0.001
-2.239
pgl
0.658
0.003
-2.362
edd
3.284
0.063
-1.720
eda2
1.903
0.698
-0.436
gap
1.300
0.002
-2.818
pgk
1.928
0.024
-1.902
gpmA
2.637
1.538
-0.234
eno
1.110
1.129
0.007
pykA
2.017
0.424
-0.678
pyc
4.409
0.223
-1.296
Periplasmic cyclic β-glucans biosynthesis, defined medium
feuN
1.095
0.282
-0.590
feuP
0.938
0.003
-2.498
feuQ
10.855
0.012
-2.947
ndvA
1.434
0.001
-3.123
ndvB
3.218
0.129
-1.396
Arginine biosynthesis, rich medium
argB
0.802
2.125
0.423
argC
0.636
3.618
0.755
argD
1.499
1.467
-0.010
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argJ
3.118
4.134
0.122
argF1
0.012
1.776
2.168
argG
0.002
1.281
2.892
argH1
0.198
1.011
0.708
AICAR biosynthesis, rich medium
purF
0.506
2.273
0.652
purD
0.716
2.770
0.588
purN
1.962
3.974
0.307
smc00494
0.469
2.774
0.772
purL
0.996
5.689
0.757
purQ
0.908
2.351
0.413
purM
1.060
3.070
0.462
purE
1.387
2.399
0.238
purK
2.029
3.562
0.244
purC
0.302
0.175
-0.237
purB
0.002
0.799
2.542
purH
0.624
0.705
0.053
UMP biosynthesis, rich medium
carA
0.007
3.928
2.721
carB
0.001
1.930
3.130
pyrB
0.062
2.364
1.584
smc01361
0.417
2.793
0.826
pyrC
0.134
0.689
0.711
pyrD
0.193
2.700
1.146
pyrE
0.300
2.266
0.878
pyrF
0.323
4.956
1.185
LPS core oligosaccharide, defined medium
lpsC
0.101
1.555
1.188
lpsD
1.154
2.969
0.410
lpsE
0.832
2.609
0.496
*Represents just the final steps of this process, from the conversion of imidazole-acetol-phosphate to Lhistidine.
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Table S-9. Distribution of nucleotides in barcoding primers.

IVG barcoding primers
Transposan
t
Sequence
1
TATCATTCAACAAATAAATAA
2
TTAAAAAAAAATTAAAATTAA
3
AATACAAATTATAATGGAAAA
4
ACACTCTATACAGAATGAAACT
5
CAGGAATAACAAAATAACTA
6
GGAGCACAAGGGGGCAATAC
7
CAACATGTTCTAACGTGTCA
8
AAAAGAAGATTTGCTGTAAAA
Percentage of each nucleotide
Integrated DNA Technologies barcoding primers
Transposan
t
Sequence
GGTTAGTGCATCAAAGGAAAG
1
A
2
TGGATAACATACCAATGAGCA
3
GTGTGCGCAAAAATACATTG
GCAGAATGGGACAAATATAAG
4
G
5
TACCTCAATGTTTATGGTTGG
6
CGGTACTATGATATGGGACGA
7
Ambiguous sequence
8
GTATTGAGAAATGCACTATT
9
Ambiguous sequence
10
CGGGTGACCATATAGTTGCAT
AAGCTGAGAGCTGGGCAGATA
11
A
12
AGATGCCCGAACTGGCACGG
13
CAGGAACATCCGATCACTGG
14
CACGAGAGAGTTAAGATGGGC
15
GTTTGCTAAATCGTTGATCTAC
16
AGATAGATGTCGGTTGGAAC
17
TAGTACCGTCTGTGAGGGGGC
18
TTTATTTTTAGTAAAGAACGG
19
GATAAGGAAGTGATGCTAAG
20
CAAGCATATCTTGAGAAGAC
Percentage of each nucleotide
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Number of nucleotides
Barcode Length
21
21
21
22
20
20
20
21

A
12
15
13
10
12
7
6
11
51.8
1

T
6
6
5
5
3
1
6
5
22.2
9

G
0
0
2
2
2
8
3
4
12.6
5

C
3
0
1
5
3
4
5
1
13.2
5

Barcode Length

A

T

G

C

22
21
20

9
9
7

4
4
5

7
4
5

2
4
3

22
21
21

10
4
6

3
9
5

7
5
7

2
3
3

20

7

7

4

2

21

5

6

6

4

22
20
20
21
22
20
21
21
20
20

8
5
6
7
5
6
3
7
8
8
32

3
2
3
3
9
5
5
9
4
4
24

8
7
5
8
4
7
9
4
7
4
28.8

3
6
6
3
4
2
4
1
1
4
15.2

5.5 Supplementary tables and sequences for chapter 3
Table S-10. List of 131 putative peptidase candidates identified in S. meliloti 1021.

Gene
SMa0034
SMa0095
SMa0142c
SMa0275
SMa0429
SMa0599
SMa0708
SMa0792
SMa1126
SMa1128
SMa1291
SMa1292
SMa1327
SMa1329
SMa1473
SMa1578
SMa1727
SMa1776
SMa1903
SMa1968
SMa1969
SMb20010
SMb20028
SMb20212
SMb20335

Function
Serralysin-like metalloprotease
D-aminopeptidase; peptidase S58
Extracellular serine protease
Conserved hypothetical; peptidase C56
Conserved hypothetical; peptidase S8/S53
Conserved hypothetical; hydrolase-like
Enolase; M peptidase
Putative hydrolase
Protease M50
DegP4 protease-like; S1C
Protease U32
Peptidase U32
Conserved hypothetical; hydrolase activity
Peptidase; M24
Proline dipeptidase; M24
CpaA2 prepilin peptidase A24A
Alpha/beta hydrolase fold protein
Conserved hypothetical protein; hydrolase-like
Serine protease
Amidotransferase; PFPI-like cystein-proteinase
Amidotransferase; PFPI-like cystein-proteinase
Hypothetical protein; Alpha/beta hydrolase fold
Hypothetical protein; Peptidase C45
Hypothetical protein; PFPI-like cystein-proteinase
Conserved hypothetical protein; hydrolase-like

Predicted localization
Extracellulara
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Unknown
Cytoplasmic
Unknown
Cytoplasmic membrane
Periplasmic
Cytoplasmic
Unknown
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic membrane
Unknown
Unknown
Cytoplasmic
Cytoplasmic
Unknown
Unknown
Unknown
Cytoplasmic
Unknown
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Fixation phenotype
+b
+
+
Not tested
Not tested
Not tested
Not tested
Not tested
+
+
Not tested
+
Not tested
+
Not tested
Not tested
Not tested
Not tested
+
Not tested
Not tested
Not tested
Not tested
Not tested
Not tested

SMb20384
SMb20434
SMb20466
SMb20547
SMb20579
SMb20697
SMb20866
SMb20925
SMb20928
SMb21002
SMb21042
SMb21279
SMb21424
SMb21495
SMb21496
SMb21538
SMb21543
SMc00038
SMc00068
SMc00114
SMc00291
SMc00298
SMc00360
SMc00361
SMc00382
SMc00451
SMc00512
SMc00539
SMc00585

Membrane dipeptidase; Peptidase M19
Probable Xaa-Pro dipeptidase
Putative peptidase; Peptidase M42
Hypothetical protein; Peptidase aspartic
Beta-ketoadipate enol-lactone hydrolase; Peptidase M14
Putative peptidase; Peptidase M20
Conserved hypothetical; Peptidase S8 and S53
Conserved hypothetical membrane protein; Peptidase M50
Putative exported carboxyl-terminal protease; Peptidase S41A
Putative methionine aminopeptidase; Peptidase M24
Tripeptide aminopeptidase; Peptidase M20B
Putative amidohydrolase; Peptidase M20
Putative acyl esterase; Peptidase S15
Hypothetical protein; degradation of proteins
Putative protease; Serralysin-like metalloprotease
Probable phosphonoacetate hydrolase; Peptidase M14
Conserved hypothetical; metallopeptidase
Diguanylate cyclase/phosphodiesterase; Peptidase
Probable D-alanyl-D-alanine carboxypeptidase
Probable protease II oligopeptidase B; Peptidase S9A
Conserved hypothetical; Hedgehog/DD-peptidase
Putative methionine aminopeptidase; Peptidase M24
Hypothetical; Predicted transglutaminase-like cysteine peptidase
Hypothetical; Putative AB hydrolase superfamily
Probable aminopeptidase; Peptidase M29
(SapA); Probable processing protease; M16 peptidase
Conserved hypothetical; Peptidase S58
Hypothetical transmembrane protein; Peptidase M23B
Probable aminopeptidase; Peptidase M17
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Cytoplasmic
Cytoplasmic
Cytoplasmic
Unknown
Cytoplasmic
Unknown
Cytoplasmic
Cytoplasmic membrane
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Unknown
Unknown
Extracellular
Cytoplasmic
Extracellular
Cytoplasmic membrane
Cytoplasmic membrane
Unknown
Unknown
Cytoplasmic
Unknown
Cytoplasmic
Unknown
Cytoplasmic
Unknown
Unknown
Cytoplasmic

Not tested
+
+
Not tested
Not tested
+
Not tested
Not tested
Not tested
Not tested
Not tested
Not tested
Not tested
+
+
Not tested
Not tested
Not tested
Not tested
Not tested
+
Not tested
Not tested
Not tested
Not tested
+/Not tested
+
Not tested

SMc00682
SMc00683
SMc00730
SMc00783
SMc00814
SMc00857
SMc00897
SMc00955
SMc00960
SMc00996
SMc00998
SMc01001
SMc01118
SMc01129
SMc01135
SMc01188
SMc01213
SMc01280
SMc01438
SMc01440
SMc01441
SMc01524
SMc01648
SMc01885
SMc01903
SMc01904
SMc01905

Putative hippurate hydrolase; M20 peptidase
Putative pbp; Serine-type D-Ala-D-Ala carboxypeptidase activity
Hypothetical transmembrane protein; Peptidase S54
Hypothetical transmembrane protein; Peptidase M48
Hypothetical signal peptide protein; Peptidase aspartic
Probable proteinase; Peptidase S14/S49
Hypothetical PmbA protein; Peptidase U62
Conserved hypothetical; hydrolase-like
Peptidase U62 family protein
Penicillin-binding protein; D-alanyl-D-alanine carboxypeptidase
Hypothetical signal peptide protein; transglutaminase-like cysteine
peptidase
Hypothetical transmembrane protein; Peptidase S54
Putative peptidase; Peptidase M22
Probable transmembrane lipoprotein signal peptidase; Peptidase A8
Putative protease IV transmembrane protein; Peptidase S49
Penicillin-binding precursor transmembrane protein; serine-type
carboxypeptidase
Hypothetical transmembrane protein; Putative zinc
metallopeptidase
Serine protease S1C
Probable serine protease; Peptidase S1C
Putative hydrolase serine protease transmembrane protein
Putative membrane bound protease; hydrolase serine protease
Putative dipeptidase; Peptidase M19
Putative hydrolase; Peptidase S15
Putative aminopeptidase P; Peptidase M24
Probable ATP-dependent CLP protease proteolytic subunit;
Peptidase S14
Probable ATP-dependent CLP protease ATP-binding subunit
Probable ATP-dependent LA protease; Peptidase S16
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Cytoplasmic
Cytoplasmic membrane
Cytoplasmic membrane
Unknown
Unknown
Cytoplasmic membrane
Cytoplasmic
Unknown
Cytoplasmic
Cytoplasmic membrane
Unknown

Not tested
Not tested
Not tested
Not tested
Not tested
+
Not tested
Not tested
Not tested
Not tested
Not tested

Cytoplasmic membrane
Cytoplasmic
Cytoplasmic membrane
Cytoplasmic membrane
Cytoplasmic membrane

+
Not tested
Not tested
+
Not tested

Cytoplasmic

Not tested

Periplasmic
Periplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Unknown
Cytoplasmic
Cytoplasmic

+
+
Not tested
Not tested
+
+
+
Not tested

Cytoplasmic
Cytoplasmic

Not tested
+

SMc02024
SMc02060
SMc02095
SMc02109
SMc02110
SMc02223
SMc02256
SMc02365
SMc02370
SMc02432
SMc02433
SMc02547
SMc02575
SMc02577
SMc02653
SMc02684
SMc02694
SMc02720
SMc02768
SMc02818
SMc02825
SMc02827
SMc02833
SMc02852
SMc03230
SMc03264
SMc03267

Conserved hypothetical; Peptidase M20
Lipoprotein precursor; Peptidase M23B
Zinc metalloprotease M50
Probable ATP-dependent CLP protease ATP-binding subunit;
Peptidase S16
Putative ATP-dependent Clp protease adapter protein clpS1
Transcriptional regulator; Peptidase S24/S26A/S26B/S26C
Putative hippurate hydrolase; Peptidase M20
Probable serine protease; Peptidase S1C
Probable aminopeptidase N; Peptidase M1
Hypothetical transmembrane protein; Peptidase M23B
Probable ATP-dependent protease (heat shock protein)
Putative proline iminopeptidase; Peptidase S33
Probable heat shock protein
Probable heat shock protein
Probable signal peptidase I transmembrane protein; Peptidase S26A
Hydrolase/peptidase; Peptidase M24
Putative ATP-dependent Clp protease adapter protein clpS2
CLP protease proteolytic subunit; Peptidase S14
Conserved hypothetical protein; Peptidase M
Conserved hypothetical protein; Alpha/beta hydrolase fold-1
Probable aminopeptidase; Peptidase M17
Putative gamma-D-glutamyl-L-diamino acid endopeptidase II,
NlpC/P60 family
Putative murein endopeptidase transmembrane protein; Peptidase
M74
Putative peptidase; Peptidase M20
Probable O-sialoglycoprotein endopeptidase; Peptidase M22
Putative dipeptidase; Peptidase M19
Putative dipeptidase; Peptidase M19
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Unknown
Outer membrane
Cytoplasmic membrane
Cytoplasmic

+
Not tested
+
Not tested

Cytoplasmic
Cytoplasmic
Cytoplasmic
Periplasmic
Cytoplasmic
Unknown
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic membrane
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic

Not tested
Not tested
Not tested
Not tested
Not tested
+
Not tested
+
Not tested
+
Not tested
Not tested
Not tested
Not tested
Not tested
Not tested
+
Not tested

Periplasmic

Not tested

Cytoplasmic
Extracellular
Cytoplasmic
Cytoplasmic

Not tested
Not tested
Not tested
Not tested

SMc03286
SMc03768
SMc03769
SMc03782
SMc03783
SMc03791
SMc03802
SMc03841
SMc03872
SMc03943
SMc04010
SMc04012
SMc04031
SMc04033
SMc04091
SMc04113
SMc04198
SMc04217
SMc04226
SMc04291
SMc04352
SMc04403
SMc04459

Serine protease
Hypothetical; Peptidase, trypsin-like serine and cysteine
Serine protease; S1B
Hypothetical signal peptide protein; Peptidase M23B
Putative c-terminal processing protease; Peptidase S41A
Conserved hypothetical; Metallopeptidase activity
ATP-dependent protease; Peptidase S16
Probable ATP-dependent CLP protease proteolytic subunit;
Peptidase S14
Hypothetical protein; Peptidase M48
Conserved hypothetical; Glutamine amidotransferase superfamily;
Peptidase C26
Hypothetical protein; Hedgehog/DD-peptidase
Peptidase M3B, oligoendopeptidase F
Putative proline iminopeptidase; Peptidase S33
Putative proline iminopeptidase; Peptidase S33
Putative protease transmembrane protein; Peptidase M48
Putative pilus assembly transmembrane protein; Peptidase A24A
Phage-related repressor protein C; Peptidase S24/S26A/S26B/S26C
Hypothetical; aspartic-type peptidase activity
Putative protease inhibitor
Putative L-sorbosone dehydrogenase (sndh) protein; Peptidase M14
Hypothetical; transglutaminase-like cysteine peptidase
Probable Peptidyl-dipeptidase Dcp; Peptidase M3A/M3B
Probable metalloprotease transmembrane protein; Peptidase M41

a

Unknown
Unknown
Unknown
Unknown
Cytoplasmic membrane
Cytoplasmic
Cytoplasmic
Cytoplasmic

+
+
+
Not tested
+
Not tested
+
Not tested

Unknown
Cytoplasmic

+
Not tested

Periplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic membrane
Cytoplasmic membrane
Cytoplasmic
Cytoplasmic membrane
Unknown
Cytoplasmic membrane
Unknown
Cytoplasmic
Cytoplasmic membrane

Not tested
+
Not tested
Not tested
+
Not tested
Not tested
+
+
Not tested
+
Not tested
+

Localization determined using PSORTb.
A “+” fixation phenotype indicates that plants were comparable in size and appearance to positive control plants, which were inoculated with S. meliloti C307
harboring an empty overexpression plasmid. The “+/-” fixation phenotype indicates that plants were significantly changed in size and appearance compared to
positive control plants, but not as severely changed as hrrP or uninoculated control plants.
c
Italicized text indicates a peptidase has a homolog in each of the other 23 fully sequenced strains of S. meliloti based on an OrthoMCL analysis.
b
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Table S-11 Strains used in this study.
Strain name
Brief description
NiCO21 (DE3)

Reference

E. coli NiCO21

New England Biolabs

B001

E. coli DH5α + pRK600 conjugation plasmid, Cm

B100

R

C307

R

(33)

S. meliloti RM1021, Sm

(33)
R

S. meliloti B800 (host-restriction plasmid-cured), Sm

(33)

Peptidase screen
G026

S. meliloti C307 + pPG013, SmR/NmR

This study

G027

S. meliloti C307 + pPG014, SmR/NmR

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

G081

R

R

S. meliloti C307 + pPG068, Sm /Nm

This study

G087

S. meliloti C307 + pPG074, SmR/NmR

This study

G091

S. meliloti C307 + pPG078, SmR/NmR

This study

G033
G035
G037
G043
G049
G051
G055
G057
G065
G067
G069
G073
G079

G095
G099
G107
G109

S. meliloti C307 + pPG020, Sm /Nm
S. meliloti C307 + pPG022, Sm /Nm
S. meliloti C307 + pPG024, Sm /Nm
S. meliloti C307 + pPG030, Sm /Nm
S. meliloti C307 + pPG036, Sm /Nm
S. meliloti C307 + pPG038, Sm /Nm
S. meliloti C307 + pPG042, Sm /Nm
S. meliloti C307 + pPG044, Sm /Nm
S. meliloti C307 + pPG052, Sm /Nm
S. meliloti C307 + pPG054, Sm /Nm
S. meliloti C307 + pPG056, Sm /Nm
S. meliloti C307 + pPG060, Sm /Nm
S. meliloti C307 + pPG066, Sm /Nm

R

R

This study

R

R

This study

R

R

This study

R

R

This study

S. meliloti C307 + pPG082, Sm /Nm
S. meliloti C307 + pPG086, Sm /Nm
S. meliloti C307 + pPG094, Sm /Nm
S. meliloti C307 + pPG096, Sm /Nm
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AB119
AB120
AB123
AB124
AB125
AB128
AB130
AB131

S. meliloti C307 + pPG100, SmR/NmR

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

S. meliloti C307 + pPG159, SmR/NmR

This study

S. meliloti C307 + pPG111, Sm /Nm
S. meliloti C307 + pPG116, Sm /Nm
S. meliloti C307 + pPG118, Sm /Nm
S. meliloti C307 + pPG120, Sm /Nm
S. meliloti C307 + pPG140, Sm /Nm
S. meliloti C307 + pPG148, Sm /Nm
S. meliloti C307 + pPG152, Sm /Nm

Promoter-gus fusions
G114
G116
G121
G128

R

R

This study

R

R

This study

R

R

This study

S. meliloti C307 + pPG161, Sm /Nm
S. meliloti C307 + pPG168, Sm /Nm
S. meliloti C307 + pPG178, Sm /Nm
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Table S-12. Plasmids used in this study.
Plasmid name
Brief description

Reference

Peptidase screen
pPG013
pPG014
pPG020

Peptidase overexpression plasmid. KmR/NmR
R

This study

R

pPG013 + Hrrp, Km /Nm

This study

R

R

pPG013 + SMc03783, Km /Nm
R

This study

R

pPG022

pPG013 + SMa0142, Km /Nm

This study

pPG024

pPG013 + SMc01905, KmR/NmR

This study

pPG030

pPG013 + SMb21002, KmR/NmR

This study

pPG036
pPG038
pPG042
pPG044
pPG052
pPG054
pPG056
pPG060
pPG066
pPG068

R

R

This study

R

R

This study

R

R

This study

R

R

This study

R

R

This study

pPG013 + SMb20697, Km /Nm
pPG013 + SMc03286, Km /Nm
pPG013 + SMc03802, Km /Nm
pPG013 + SMc02432, Km /Nm
pPG013 + SMc01135, Km /Nm
R

R

pPG013 + SMa1329, Km /Nm

This study

R

R

This study

R

R

This study

R

R

pPG013 + SMc04091, Km /Nm
pPG013 + SMc02095, Km /Nm
pPG013 + SMc01438, Km /Nm

This study
R

R

pPG013 + SMc00451 (sapA), Km /Nm

This study

R

R

This study

R

R

This study

R

R

This study

pPG086

R

R

pPG013 + SMc02825, Km /Nm

This study

pPG094

pPG013 + SMc00857, KmR/NmR

This study

pPG096

pPG013 + SMc01524, KmR/NmR

This study

pPG074
pPG078
pPG082

pPG100
pPG111
pPG116
pPG118

pPG013 + SMc03769, Km /Nm

pPG013 + SMb21495, Km /Nm
pPG013 + SMc02547, Km /Nm

R

R

This study

R

R

This study

R

R

This study

R

R

This study

pPG013 + SMc01001, Km /Nm
pPG013 + SMc02577, Km /Nm
pPG013 + SMc03768, Km /Nm
pPG013 + SMc04352, Km /Nm
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pPG120
pPG140
pPG148
pPG152

pPG013 + SMa1128, KmR/NmR
R

This study
R

pPG013 + SMb20434, Km /Nm

This study

R

R

This study

R

R

This study

pPG013 + SMa1292, Km /Nm
pPG013 + SMa1126, Km /Nm

Protein expression for peptide degradation
pAB059
pAB061

pJG729 + SapA in NiCo21/pRARE, KmR/NmR

This study
R

R

pJG729 + SapA (E50A) in NiCo21/pRARE, Km /Nm

This study
R

pAB062

R

pJG729 + SMb20697 w/N-terminal his6 tag in NiCo21/pRARE, Km /Nm

This study

pAB063

pJG729 + SMb20697 w/C-terminal his6 tag in NiCo21/pRARE; KmR/NmR

This study

Promoter-gus fusions
pPG159
pPG161
pPG168
pPG178

pPG178 + hrrP promoter-gus; KmR/NmR
R

This study

R

pPG178 + sapA promoter-gus; Km /Nm
R

This study

R

pPG178 + trp promoter-gus; Km /Nm

This study
R

R

pPG012 + gus; plasmid for testing free-living/nodule promoter activity; Km /Nm
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This study

Table S-13. Primers used in this study.
Primer
Brief description
name
Peptidase screen

Sequence

oPG003

F: pPG013 check primer

ACGGCCAGGCAATCTACCAG

oPG004

R: pPG013 check primer

CCAGTTTACTTTGCAGGGCTTC

oPG007

F: SacI_Primer for hrrP promoter

CGCgagctcTCTCGTCGAGAACGT

oPG008

R: EcoRI_Primer for hrrP promoter

CGCgaattcGACGGAATATCCGCG

oPG021

F: XbaI_SMa1128

GCGtctagaGGAGGTACTGAATGCTCAAGATATCG

oPG022

R: HindIII_SMa1128

GCGaagcttCTATTGAACATCAATGCG

oPG025

F: BamHI_SMc03872

CGCggatccGGCATGATAAGGCAGGCAGT

oPG026

R: XbaI_SMc03872

CGCtctagaGGCAGCCCCTGCGCCG

oPG027

F: XbaI_SMc03783

CGCtctagaCAGAGGTTGGAAGGGCGCGA

oPG028

R: HindIII_SMc03783

GCGaagcttAACTCTGCGGGTGAGGGGG

oPG029

F: BamHI_SMa0142

CGCggatccCTAGCCGATTGAGGTTTTCG

oPG030

R: XbaI_SMa0142

CGCtctagaACCAGACCAAACCTGCTTAA

oPG031

F: XhoI_SMc01905

CGCctcgagCATCGGGACGGAAAGGAAATG

oPG032

R: XbaI_SMc01905

CGCtctagaTACCACCCTATCTGCACTGC

oPG037

F: BamHI_SMb21002

CGCggatccGGCCGCGAAAGCGAGACATC

oPG038

R: XbaI_SMb21002

CGCtctagaGGTGCCTCGTTCGGACGAG

oPG043

F: XbaI_SMb20697

CGCtctagaAACTGAAGACGGAGAATTGC

oPG044

R: HindIII_SMb20697

CGCaagcttCTTTTTTGCCTATCTGCGAG

oPG045

F: BamHI_SMc01280

CGCggatccCAACGAAAGGGAGAATGCTT

oPG046

R: XbaI_SMc01280

CGCtctagaATGGGGGGCGAAGAGGTCG

oPG047

F: BamHI_SMc03286

CGCggatccTCAAGGATCAAGGTGAGCCG

oPG048

R: XbaI_SMc03286

CGCtctagaTGAAATATCAGTTGTCCTTTG

oPG051

F: EcoRI_SMc01885

CGCgaattcGCCAAGCTTACCGGGAAAGT

oPG052

R: XhoI_SMc01885

CGCctcgagCGGGCCGCCCGTTCCGA

oPG053

F: BamHI_SMc03802

CGCggatccGCTATCTGCAGGATCTGTCG

oPG054

R: XbaI_SMc03802

CGCtctagaCGTTGATGTCCATCGCTCTT
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oPG055

F: EcoRI_SMc02432

CGCgaattcTTTAGGGGACCTCCAGCCTG

oPG056

R: XhoI_SMc02432

CGCctcgagCGCGATACCGTTGCTGTGTG

oPG059

F: XbaI_SMc00539

CGCtctagaCGCCTCCGGACGCGCAAACT

oPG060

R: HindIII_SMc00539

CGCaagcttTAGCTGCCCGCACGCCCATT

oPG063

F: BamHI_SMc01135

CGCggatccTTACCAAAAATCGGAGACAC

oPG064

R: XbaI_SMc01135

CGCtctagaCCTCGTGACGCGGCTAGCA

oPG065

F: XbaI_SMa1329

CGCtctagaACGGCTTTGTGGGAGAAATT

oPG066

R: HindIII_SMa1329

CGCaagcttTTAGGGTTCTTGGCGCCGAG

oPG067

F: BamHI_SMc04091

CGCggatccCGATTTGGTTGGAGCTCATT

oPG068

R: XbaI_SMc04091

CGCtctagaGAATCGTTCTTATTGTCTTC

oPG071

F: BamHI_SMc02095

CGCggatccGCGGACGCGTTAGGAATGAC

oPG072

R: XbaI_SMc02095

CGCtctagaCGAATCCTTAACGATGTCCG

oPG075

F: BamHI_SMc04217

CGCggatccGGCGCGAGAACGAAACGGCG

oPG076

R: XbaI_SMc04217

CGCtctagaGTAACTGAGGCTGGATCTG

oPG077

F: XhoI_SMc01438

CGCctcgagAAATGATAGGAGCCTAGCGA

oPG078

R: XbaI_SMc01438

CGCtctagaGGCCGCGAAGCGGTAGCA

oPG079

F: BamHI_SMc00451 (sapA)

CGCggatccTAGAGCGAAAGATCACGGAT

oPG080

R: XbaI_SMc00451 (sapA)

CGCtctagaAGGACCTTGAAGGAAGGCAT

oPG081

F: BamHI_SMa0034

CGCggatccCCTGGATGGCCTGGGAAAAA

oPG082

R: XbaI_SMa0034

CGCtctagaTTCGCTCATGGCTTTTCCAA

oPG085

F: BamHI_SMc03769

CGCggatccTGCTTTTGTGAGGGGACCGT

oPG086

R: XbaI_SMc03769

CGCtctagaCGATACCATGTGTCCGCCTC

oPG087

F: BamHI_SMb21496

CGCggatccCAGTTCGGTGCACCGCAGAC

oPG088

R: XbaI_SMb21496

CGCtctagaGCCCTTCTGCAGCGTGACGG

oPG089

F: BamHI_SMb21495

CGCggatccATTGCCTATTCGTTTCCGAT

oPG090

R: XbaI_SMb21495

CGCtctagaCCTGCAGCGCGGCAATGTCG

oPG091

F: BamHI_SMc00298

CGCggatccGCCTGAAACAACGGAAGTCT

oPG092

R: XbaI_SMc00298

CGCtctagaCGAAAAGCTCGTCGGGTTCG

oPG093

F: BamHI_SMc02547

CGCggatccGCCGCCCGAGGAAGATCTAT
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oPG094

R: XbaI_SMc02547

CGCtctagaACTGATCGTTTGCGGGTCTT

oPG097

F: BamHI_SMc02825

CGCggatccATCCGCCAGTCGAGGATTCC

oPG098

R: XbaI_SMc02825

CGCtctagaTTTGCAGCTCGATTGCGCGA

oPG101

F: XbaI_SMc01648

CGCtctagaGCACCGATCGGAGGCAGCCA

oPG102

R: HindIII_SMc01648

CGCaagcttGGGCGGTCGCGCGCCGAT

oPG105

F: BamHI_SMc00857

CGCggatccATTGCAGCGGGCAGGAGTTG

oPG106

R: XbaI_SMc00857

CGCtctagaGCCCGCGCAAGCAACGGG

oPG111

F: BamHI_ SMc01001

CGCggatccGACCGAAGGGAAGAGGCAGC

oPG112

R: XbaI_SMc01001

CGCtctagaGCTGGCGGCGCCTCACCCAA

oPG113

F: BamHI_SMa0095

CGCggatccAGCGATGCAGGGAGGGGCGA

oPG114

R: XbaI_SMa0095

CGCtctagaGCCTGATCAGACCTTCACTG

oPG115

F: BamHI_SMc00291

CGCggatccACGGAGAGCGGGGAAAAGGC

oPG116

R: XbaI_SMc00291

CGCtctagaGTTTGAATGTAGCGATCGCC

oPG121

F: BamHI_SMc02577

CGCggatccGGACGGAATTTGAGAGGAATC

oPG122

R: XbaI_SMc02577

CGCtctagaGTGCCGGGTCAGAGGATCG

oPG127

F: BamHI_SMc03768

CGCggatccAACTAATCGAGAGGCGGACA

oPG128

R: XbaI_SMc03768

CGCtctagaCAAACAAGAGTTCTCTCTAA

oPG129

F: BamHI_SMc04352

CGCggatccCTACGGCGGACCGGGGGACT

oPG130

R: XbaI_SMc04352

CGCtctagaCGGGAAAAGCGCCGTTTCAG

oPG133

F: BamHI_SMb20466

CGCggatccCATGCTTGCGACAACGCATTc

oPG134

R: XbaI_SMb20466

CGCtctagaGAGTCAGAAAAGCGAGACGC

oPG135

F: BamHI_SMc04010

CGCggatccTGCTCCCTTGTCACACCCGG

oPG136

R: XbaI_SMc04010

CGCtctagaGTTTAGGCGGCAAGCGAAGG

oPG151

F: BamHI_SMb20434

CGCggatccCGGAAGAACGAGGGAAGAGA

oPG152

R: XbaI_SMb20434

CGCtctagaAAGTGGTGCTCCCTCATCCT

oPG157

F: XhoI_SMc04459

CGCctcgagCGACAGGTTCCGGGGAGTTC

oPG158

R: XbaI_SMc04459

CGCtctagaCGGCGGCATTTGATTTGCGC

oPG159

F: BamHI_SMa1292

CGCggatccAAACGCTGGAGGTAAACAGG

oPG160

R: XbaI_SMa1292

CGCtctagaCGGATGAGGAGTCCCTTGCT
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oPG161

F: BamHI_SMc02024

CGCggatccCCATCGAAATACGAGGACATGT

oPG162

R: XbaI_SMc02024

CGCtctagaCGGAAGGATCGAAGCCGAAA

oPG163

F: XbaI_SMa1126

CGCtctagaCTTGGCTAGGAGTGGAATGC

oPG164

R: HindIII_SMa1126

CGCaagcttTTAGCCGCTGACGCCCGTCG

Protein expression for peptide degradation
oPG173

F: KpnI_SMb20697 (N-terminal)

oAB237

F: NdeI_SMb20697 (N-terminal)

CGCggtaccGGAGGTACTGAatgCACCATCACCATCACCATACGAATGCACAA
GAA
gcgCATatgggtagcCACCATCACCATCACCACACGAATG

oPG174

R: HindIII_SMb20697 (N-terminal)

CGCaagcttTCAGTCCCTGTGTCTGTC

oAB238

F: NdeI_SMb20697 (C-terminal)

gcgCATATGATGACGAATGCACAAGAAGAGAC

oAB239

R: HindIII_SMb20697 (C-terminal)

oPG185

F: KpnI_SMc00451 (sapA) (N-terminal)

oAB233

F: NdeI_SMc00451 (sapA) (N-terminal)

cgcAAGCTTTCAGTGGTGATGGTGATGGTGAGATCCACCGTCCCTGTGTCT
GTCGTC
CGCggtaccGGAGGTACTGAATGCACCATCACCATCACCATAAAGTTGAGTG
CACC
cgcCATatgggtagcCACCATCACCATCACCATAAAG

oPG186

R: HindIII_sapA

CGCaagcttTCAGCTCGCCGCAGCATG

oPG189

F: sapA (E50A) mutation

GCATCTCCTGgCgCACATGGCTTTC

oPG190

R: sapA (E50A) mutation

GAAAGCCATGTGcGcCAGGAGATGC

oPG167

R: KpnI_sapA (E50A) mutation

CGCggtaccGGAGGTACTGAATGAGCCTACTGCTTGACAATCTC

Promoter-gus fusions
oPG175

F: BamHI_gus

GCGggatccGGAGGTACTGAATGGTCCGTCCTGTAGAA

oPG176

R: XbaI _gus

GCGtctagaTTATTGTTTGCCTCCCTG

oPG183

F: EcoRI_sapA promoter

CGCgaattcAATCGGCGTTTTCGTGGC

oPG184

R: XhoI_sapA promoter

CGCctcgagCCGTGATCTTTCGCTCTA

oPG193

F: SacI_trp promoter

CGCgagctcGGGATGTGCTGCAAGGCG

oPG194

R: EcoRI_trp Promoter

CGCgaattcTATCAGGAAGTGCGCCACC
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pPG013 – Rhizobial peptidase overexpression plasmid (5696 bp):
7…664 = hrrP promoter
868…1662 = kanR coding sequence
1942…2487 = p15A oriV
2716…2825 = RK2 oriT
3098…3727 = pVS1 staA
4160…5228 = pVS1 repA
5294…5488 = pVS1 oriV
gagctcTCTCGTCGAGAACGTAACCGTCTTGGTCAACGGCACGCAAGAGCCAATGTTTGCGGCCGCCGAT
GGAAATCACCACCTCGTCCAGATGCCAGATATCCTTTCGCGAAGGCCTCTTTCTGCACAACTGCCTGGC
ATAAGCCGTCCCGAATTTGCGACCCCATCTCCGGATCGTCTCATGGGAGACGACGATACCGCGCTCCA
GCAGCATTTCCTCGACCATCCTTAGGCTCAAAGGGAACCGAAAATACAGCCACACCGCACGGGCGATG
ATCTGCGGTGGAAAGCGGTGGTTCTTGTAGCTTACGGCCGGACTGTTCATCCCAACCCGTTATCCACAA
TCGTTAAGCCGCAGACAACGTGACATCGCCATGTCAACGTTTCGTCTCGGTTCACGGCCAGATCGCCA
ACCTCTTTCATCTCCATCGGAAACATCTCACCGCCAACGATCATCGCCAACTCCGCGCCCAAGCCGTCA
CCACCTGGCGTGAAATCGCATTGTCGATTGACGCCTGAAAAGCCGACGGTACCACCCTTCAGATCCTG
GCTTCCAATAAGGCGACGCCACCGCGGGAGCCTATCGGTCCGGATGACGGCTTGACCAACTCGAATCT
TTATCTTACATGACGGCATAACTACGACATAACGCGGATATTCCGTCgaattcccaCTCGAGccaGGATCCa
ccTCTAGAccaGTCGACaccAAGCTTCCACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGG
TAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGG
GATCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCatgATTGAACAAGATGGATTGCACGCAG
GTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCT
GATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGT
GCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGC
AGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAG
GATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTG
CATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTAC
TCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCC
GAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGC
CTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGT
GGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGG
CTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCT
TGACGAGTTCTTCtgaCCCggtaccTCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGA
GGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGAATATGT
GATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGG
AAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAG
AGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATCTGACGCTC
AAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCG
TGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTC
CACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTT
CAGTCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGC
ACCACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGC
TAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGT
AGCTCAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGC
GCAGACCAAAACGATCTCAAGAAGATCATCTTATTAAGGGGTCTGACGctcagtggaacgaaaactcacgTTAAGG
GATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA
ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGactAGAGCTTccatc
cgcttgccctcatctgttacgccggcggtagccggccagcctcgcagagcaggattcccgttgagcaccgccaggtgcgaataagggacagtgaagaaggaacaccc
gctcgcgggtgggcctacttcacctatcctgcccggctgacgccgttggatacaccaaggaaagtctacacgaaccctttggcaaaatcctgtatatcgtgcgAATTG
AtccACCGTGCGGCTGCATGAAATCCTGGCCGGTTTGTCTGATGCCAAGCTGGCGGCCTGGCCGGCCAG
CTTGGCCGCTGAAGAAACCGAGCGCCGCCGTCTAAAAAGGTGATGTGTATTTGAGTAAAACAGCTTGC
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GTCATGCGGTCGCTGCGTATATGATGCGATGAGTAAATAAACAAATACGCAAGGGGAACGCatgAAGG
TTATCGCTGTACTTAACCAGAAAGGCGGGTCAGGCAAGACgaccatcgcaacccatctagcCCGCGCCCTGCAACT
CGCCGGGGCCGATGTTCTGTTAGTCGATTCCGATCCCCAGGGCAGTGCCCGCGATTGGGCGGCCGTGC
GGGAAGATCAACCGCTAACCGTTGTCGGCATCGACCGCCCGACGATTGACCGCGACGTGAAGGCCATC
GGCCGGCGCGACTTCGTAGTGATCGACGGAGCGCCCCAGGCGGCGGACTTGGCTGTGTCCGCGATCAA
GGCAGCCGACTTCGTGCTGATTCCGGTGCAGCCAAGCCCTTACGACATATGGGCCACCGCCGACCTGG
TGGAGCTGGTTAAGCAGCGCATTGAGGTCACGGATGGAAGGCTACAAGCGGCCTTTGTCGTGTCGCGG
GCGATCAAAGGCACGCGCATCGGCGGTGAGGTTGCCGAGGCGCTGGCCGGGTACGAGCTGCCCATTCT
TGAGTCCCGTATCACGCAGCGCGTGAGCTACCCAGGCACTGCCGCCGCCGGCACAACCGTTCTTGAAT
CAGAACCCGAGGGCGACGCTGCCCGCGAGGTCCAGGCGCTGGCCGCTGAAATTAAATCAAAACTCAT
TtgaGTTAATGAGGTAAAGAGAAAATGAGCAAAAGCACAAACACGCTAAGTGCCGGCCGTCCGAGCGC
ACGCAGCAGCAAGGCTGCAACGTTGGCCAGCCTGGCAGACACGCCAGCCATGAAGCGGGTCAACTTT
CAGTTGCCGGCGGAGGATCACACCAAGCTGAAGATGTACGCGGTACGCCAAGGCAAGACCATTACCG
AGCTGCTATCTGAATACATCGCGCAGCTACCAGAGTAAATGAGCAAATGAATAAATGAGTAGATGAA
TTTTAGCGGCTAAAGGAGGCGGCATGGAAAATCAAGAACAACCAGGCACCGACGCCGTGGAATGCCC
CATGTGTGGAGGAACGGGCGGTTGGCCAGGCGTAAGCGGCTGGGTTGTCTGCCGGCCCTGCAatgGCAC
TGGAACCCCCAAGCCCGAGGAATCGGCGTGACGGTCGCAAACCATCCGGCCCGGTACAAATCGGCGC
GGCGCTGGGTGATGACCTGGTGGAGAAGTTGAAGGCCGCGCAGGCCGCCCAGCGGCAACGCATCGAG
GCAGAAGCACGCCCCGGTGAATCGTGGCAAGCGGCCGCTGATCGAATCCGCAAAGAATCCCGGCAAC
CGCCGGCAGCCGGTGCGCCGTCGATTAGGAAGCCGCCCAAGGGCGACGAGCAACCAGATTTTTTCGTT
CCGATGCTCTATGACGTGGGCACCCGCGATAGTCGCAGCATCATGGACGTGGCCGTTTTCCGTCTGTCG
AAGCGTGACCGACGAGCTGGCGAGGTGATCCGCTACGAGCTTCCAGACGGGCACGTAGAGGTTTCCG
CAGGGCCGGCCGGCATGGCCAGTGTGTGGGATTACGACCTGGTACTGATGGCGGTTTCCCATCTAACC
GAATCCATGAACCGATACCGGGAAGGGAAGGGAGACAAGCCCGGCCGCGTGTTCCGTCCACACGTTG
CGGACGTACTCAAGTTCTGCCGGCGAGCCGATGGCGGAAAGCAGAAAGACGACCTGGTAGAAACCTG
CATTCGGTTAAACACCACGCACGTTGCCATGCAGCGTACGAAGAAGGCCAAGAACGGCCGCCTGGTG
ACGGTATCCGAGGGTGAAGCCTTGATTAGCCGCTACAAGATCGTAAAGAGCGAAACCGGGCGGCCGG
AGTACATCGAGATCGAGCTAGCTGATTGGATGTACCGCGAGATCACAGAAGGCAAGAACCCGGACGT
GCTGACGGTTCACCCCGATTACTTTTTGATCGATCCCGGCATCGGCCGTTTTCTCTACCGCCTGGCACG
CCGCGCCGCAGGCAAGGCAGAAGCCAGATGGTTGTTCAAGACGATCTACGAACGCAGTGGCAGCGCC
GGAGAGTTCAAGAAGTTCTGTTTCACCGTGCGCAAGCTGATCGGGTCAAATGACCTGCCGGAGTACGA
TTTGAAGGAGGAGGCGGGGCAGGCTGGCCCGATCCTAGTCATGCGCTACCGCAACCTGATCGAGGGC
GAAGCATCCGCCGGTTCCtaaTGTACGGAGCAGATGCTAGGGCAAATTGCCCTAGCAGGGGAAAAAGGT
CGAAAAGGTCTCTTTCCTGTGGATAGCACGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGGAA
CCCGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGGTCACACATGTAAGTGACTGATATAAAAG
AGAAAAAAGGCGATTTTTCCGCCTAAAACTCTTTAAAACTTATTAAAACTCTTAAAACCCGCCTGGCCT
GTGCATAACTGTCTGGCCAGCGCACAGCCGAAGAGCTGCAAAAAGCGCCTACCCTTCGGTCGCTGCGC
TCCCTACGCCCCGCCGCTTCGCGTCGGCCTATCGCGGCCGCTGGCCGCTCAAAAATGGCTGGCCTacggc
caggcaatctaccagGGCGCGGACAAGCCGCGCCGTCGCCACTCGACCGCCGGCGCCCACATCAAGGCACCCT
GCCT

pJG729 – E. coli protein expression plasmid (5355 bp):
559…1374 = kanR coding sequence
1473…2131 = ColE1 oriV
2270…2409 = oriT
3511…4593 = lacI
4594…4671 = lacI promoter
4989…5033 = T5 promoter
4948…4964 = lac operator
5039…5058 = symmetric lac operator
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tggcgaatgggacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgc
tttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttg
attagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacact
caaccctatctcggtctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaaTATTA
ACGCTTACAATTTAGGTGGcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgaattaattctt
agaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaaaagccgtttctgtaatgaaggagaaaactcaccgaggcagt
tccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccat
gagtgacgactgaatccggtgagaatggcaaaagtttatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaacc
gttattcattcgtgattgcgcctgagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgca
tcaacaatattttcacctgaatcaggatattcttctaatacctggaatgctgttttcccggggatcgcagtggtgagtaaccatgcatcatcaggagtacggataaaatgcttg
atggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatgtttcagaaacaactctggcgcatcggg
cttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgttggaatttaatcgcggcctagagcaaga
cgtttcccgttgaatatggctcataacaccccttgtattactgtttatgtaagcagacagttttattgttcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcaga
ccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaaga
gctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgc
ctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggt
cgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaa
gggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggt
ttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggcct
tttgctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgcagcgagtc
agtgagcgaggaagcggaagagcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcaatggtgcactctcagtacaatctgctctgatgccgcat
agttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggca
tccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagctgcggtaaagctcatcagcgtggt
cgtgaagcgattcacagatgtctgcctgttcatccgcgtccagctcgttgagtttctccagaagcgttaatgtctggcttctgataaagcgggccatgttaagggcggtttttt
cctgtttggtcactgatgcctccgtgtaagggggatttctgttcatgggggtaatgataccgatgaaacgagagaggatgctcacgatacgggttactgatgatgaacatgc
ccggttactggaacgttgtgagggtaaacaactggcggtatggatgcggcgggaccagagaaaaatcactcagggtcaatgccagcgcttcgttaatacagatgtaggt
gttccacagggtagccagcagcatcctgcgatgcagatccggaacataatggtgcagggcgctgacttccgcgtttccagactttacgaaacacggaaaccgaagacc
attcatgttgttgctcaggtcgcagacgttttgcagcagcagtcgcttcacgttcgctcgcgtatcggtgattcattctgctaaccagtaaggcaaccccgccagcctagccg
ggtcctcaacgacaggagcacgatcatgcgcacccgtggggccgccatgccggcgataatggcctgcttctcgccgaaacgtttggtggcgggaccagtgacgaagg
cttgagcgagggcgtgcaagattccgaataccgcaagcgacaggccgatcatcgtcgcgctccagcgaaagcggtcctcgccgaaaatgacccagagcgctgccgg
cacctgtcctacgagttgcatgataaagaagacagtcataagtgcggcgacgatagtcatgccccgcgcccaccggaaggagctgactgggttgaaggctctcaaggg
catcggtcgagatcccggtgcctaatgagtgagctaacttacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcg
gccaacgcgcggggagaggcggtttgcgtattgggcgccagggtggtttttcttttcaccagtgagacgggcaacagctgattgcccttcaccgcctggccctgagaga
gttgcagcaagcggtccacgctggtttgccccagcaggcgaaaatcctgtttgatggtggttaacggcgggatataacatgagctgtcttcggtatcgtcgtatcccactac
cgagatgtccgcaccaacgcgcagcccggactcggtaatggcgcgcattgcgcccagcgccatctgatcgttggcaaccagcatcgcagtgggaacgatgccctcatt
cagcatttgcatggtttgttgaaaaccggacatggcactccagtcgccttcccgttccgctatcggctgaatttgattgcgagtgagatatttatgccagccagccagacgca
gacgcgccgagacagaacttaatgggcccgctaacagcgcgatttgctggtgacccaatgcgaccagatgctccacgcccagtcgcgtaccgtcttcatgggagaaaa
taatactgttgatgggtgtctggtcagagacatcaagaaataacgccggaacattagtgcaggcagcttccacagcaatggcatcctggtcatccagcggatagttaatga
tcagcccactgacgcgttgcgcgagaagattgtgcaccgccgctttacaggcttcgacgccgcttcgttctaccatcgacaccaccacgctggcacccagttgatcggcg
cgagatttaatcgccgcgacaatttgcgacggcgcgtgcagggccagactggaggtggcaacgccaatcagcaacgactgtttgcccgccagttgttgtgccacgcgg
ttgggaatgtaattcagctccgccatcgccgcttccactttttcccgcgttttcgcagaaacgtggctggcctggttcaccacgcgggaaacggtctgataagagacaccg
gcatactctgcgacatcgtataacgttactggtttcacattcaccaccctgaattgactctcttccgggcgctatcatgccataccgcgaaaggttttgcgccattcgatggtgt
ccgggatctcgacgctctcccttatgcgactcctgcattaggaagcagcccagtagtaggttgaggccgttgagcaccgccgccgcaaggaatggtgcatgcaaggag
atggcgcccaacagtcccccggccacggggcctgccaccatacccacgccgaaacaagcgctcatgagcccgaagtggcgagcccgatcttccccatcggtgatgtc
ggcgatataggcgccagcaaccgcacctgtggcgccggtgagatctcgatcccgcgaaatAATTGTGAGCGGATAACAATTacgagcttcatgca
cagtgaaatcatgaaaaatttatTTGCTTtgtgagcggataacaatTATAATatgtggAATTGTGAGCGCTCACAATTccacaacggtTCT
AGAaataattttgtttaactttaagaaggagatataCATatgGGATCCaccGAATTCccaGTCGACaccAAGCTTccaCTGCAGcc
aGAGCTCggctgctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgctggttcgctcataagtaaaaaacggcacctggtgccgtttttttgtctg
aaacaagctgagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggat

pAB059 insert (NdeI – MGS his6 tag – sapA – HindIII):
CATatgGGTAGCCACCATCACCATCACCATaaagttgagtgcacccggctcccttccgggctgacggtggttaccgagcgaatgccgcatctg
gaaagcgtggcgctcggagtctggatcaagtccggttcgcgcaacgaaaccgtgaatgaacacggaattgcgcatctcctgGAGcacatggctttcaagggcacga
ggcggcgcagcgcccgccagatcgccgaggaaatcgagaatgtgggcggcgaggtcaacgccgccacctcgaccgaaacgacttcctactatgcccgcgtactcaa
ggaccatctgccgctggcggtcgatatcctcgccgacattctgacggaatccaccttcgaggcggacgagctgcgtcgtgagaagcaggtcatcctgcaggagatcgg
cgcggcggacgacacgccggacgacgtcgtcttcgatcgttttgccgagaccgcctatcgtggccagacggtcggcaggccgatcctcggcacgccggaaacggtg
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atgtccttcagcgcggatcagatccgccagtatctcggccgcaactatacgaccgaccgcaccttcatcgtagccgccggcgccgtcgatcacgacaccatcgtgcgcc
aggtggaggagcgtttcgcctccctgcccgccgaacccgtttgcgctcccgtcatcgagaccgcgcgctacaccggcggcgacagccgcgagagccgcgacctgat
ggacgcgcaggttctgctcggcttcgaaggcaaggcctatcacgcccgtgatttctattgttcgcagatccttgccaacatcctcggcggcggcatgtcgtcccgcctgtt
ccaggaagtgcgcgaacacaggggcctctgttactcggtctacgccttccattggggcttttccgataccggcatcttcggcgtgcatgcggcaacgggcggagaaaac
ctgccggagctgatgccggtgatcgtcgatgaattgcgcaagtcgtccttgagcatcgatcagcaggagatcgagcgtgcccgcgcacagatccgggcgcaattgctg
atgggccaggaaagcccggccgcgcgtgcgggacaaatcgcacggcagatgatgctgtacggccggccgatccccaatgaggaactgatggaacgcctgtcgggc
atcaccatcgagcgcctcaccgacctggccggccgcctgttcttcgacacggttccgacgttgtcggccatcggtccgctcggacagctggctcccctgaacgacatatt
gtcctcgctgaccacgaaggcggacgcgatacatgctgcggcgagctgaAAGCTT

pAB061 insert (NdeI – MGS his6 tag – sapA (E50A) – HindIII):
CATatgGGTAGCCACCATCACCATCACCATaaagttgagtgcacccggctcccttccgggctgacggtggttaccgagcgaatgccgcatctg
gaaagcgtggcgctcggagtctggatcaagtccggttcgcgcaacgaaaccgtgaatgaacacggaattgcgcatctcctgGCGcacatggctttcaagggcacga
ggcggcgcagcgcccgccagatcgccgaggaaatcgagaatgtgggcggcgaggtcaacgccgccacctcgaccgaaacgacttcctactatgcccgcgtactcaa
ggaccatctgccgctggcggtcgatatcctcgccgacattctgacggaatccaccttcgaggcggacgagctgcgtcgtgagaagcaggtcatcctgcaggagatcgg
cgcggcggacgacacgccggacgacgtcgtcttcgatcgttttgccgagaccgcctatcgtggccagacggtcggcaggccgatcctcggcacgccggaaacggtg
atgtccttcagcgcggatcagatccgccagtatctcggccgcaactatacgaccgaccgcaccttcatcgtagccgccggcgccgtcgatcacgacaccatcgtgcgcc
aggtggaggagcgtttcgcctccctgcccgccgaacccgtttgcgctcccgtcatcgagaccgcgcgctacaccggcggcgacagccgcgagagccgcgacctgat
ggacgcgcaggttctgctcggcttcgaaggcaaggcctatcacgcccgtgatttctattgttcgcagatccttgccaacatcctcggcggcggcatgtcgtcccgcctgtt
ccaggaagtgcgcgaacacaggggcctctgttactcggtctacgccttccattggggcttttccgataccggcatcttcggcgtgcatgcggcaacgggcggagaaaac
ctgccggagctgatgccggtgatcgtcgatgaattgcgcaagtcgtccttgagcatcgatcagcaggagatcgagcgtgcccgcgcacagatccgggcgcaattgctg
atgggccaggaaagcccggccgcgcgtgcgggacaaatcgcacggcagatgatgctgtacggccggccgatccccaatgaggaactgatggaacgcctgtcgggc
atcaccatcgagcgcctcaccgacctggccggccgcctgttcttcgacacggttccgacgttgtcggccatcggtccgctcggacagctggctcccctgaacgacatatt
gtcctcgctgaccacgaaggcggacgcgatacatgctgcggcgagctgaAAGCTT

pAB062 insert (NdeI – MGS his6 tag – SMb20697 – HindIII):
CATatgGGTAGCCACCATCACCATCACCACacgaatgcacaagaagagactgtctctcgcgctggaagccggatcgacagcgagcgcgtcc
ggcaattcgctctgcgcatgacgtcctggcccagtgaaaccggcacgccgggcgaagcatccttcgcggatcgcctccatgggcttctcggcgaactcccctattttcgg
gagcatccgcaggacctgggcctccttgcaagtcacggcgaaccgctgacccgcaatgtcgttgcgctcgttcgcggcacgggcaagcgaacactggtcatggccgg
ccacttcgacaccgtgtcgaccgacaactatcacgagctcaaggcgctggcatgcgacagcctggcgctcaaggatgcactcatcgaaagcctgtcggcgcgaaccg
gccgatccgaacaggaagagcgggccctgcaggacctggcgagtggcgacttcctccccggccgcggcctgctcgacatgaagagcggactcgccgtggccatag
cctgtctcgaacaattcgcggccgacacggaccgacagggcaatctcatgctggtcgccacccccgacgaggaacgggaaagccggggaatgcgatcgctccggga
cgcgttgcccggcttggtcagggatttcgacatcgaaatagccgggggcatcaacctcgacgtgacctcggatcagggcgacggcagcgaagggcgggccgtttacg
ccggcacgatcggcaagctcctaccctttgccctggtgatcggctgcagctctcatgcgagctaccccttcgaaggggtgagcgcacaggccatggcggccgggatcc
tggcacgcctggaagggaatgcttccctggcggatcgcgacgacaacgacatctcgccgccgccgatctgcctcgaggcgaaggatctgcgcgacggttacgaagtg
acgacgccggagcgcttctggatagctttcaactggctctaccattcgatgacggcggacgcactctttgagcgcttccgagaggaggtgctgaccggcgcgaacgag
gccatcgagacgtttgcggcacagtcggcggaatacggcaagctcgtcggcagaagtgcgggcggcctaccagccaagccgcgccttctgtcgttccaggaattgcg
ggcggcggctgcacgcgttttcgggcacggcttcgacgcattctatgccgagaaggaaagggaattcgcccagagcgacaacccgctcgtcgctacgcggcaactta
ctgagtggctcgtcggtatcgcgcgcctttccggccccgccatcgtcatcggcttctcgggattgcattatccgcccagccatctgcgcctggcggaaggaaacgaccg
ctcccttcatcaggcgatcgagaaggcgcgtgccggtcttggcaacgatcccgcgcgaagcctcatctggaagccgcatttttacggaatctccgacatgagtttcctcg
ggcttgccgccagcggcagccaggtcgtttcggacaacaccccgatctcacgtctggtcgatcggccatccgaaaacgcgctgcgttttccgaccgtcaatctcggacct
tggggacgggagttccaccagaagttcgagcgcgtccatgaaccctacgcgttcagggtcctcccggagctcgtttccgaaatcgccaggaccttcctcggcgacgac
agacacagggactgaAAGCTT

pAB063 insert (NdeI – SMb20697 – GGS his6 tag – HindIII):
CATATGatgacgaatgcacaagaagagactgtctctcgcgctggaagccggatcgacagcgagcgcgtccggcaattcgctctgcgcatgacgtcctggcccag
tgaaaccggcacgccgggcgaagcatccttcgcggatcgcctccatgggcttctcggcgaactcccctattttcgggagcatccgcaggacctgggcctccttgcaagt
cacggcgaaccgctgacccgcaatgtcgttgcgctcgttcgcggcacgggcaagcgaacactggtcatggccggccacttcgacaccgtgtcgaccgacaactatcac
gagctcaaggcgctggcatgcgacagcctggcgctcaaggatgcactcatcgaaagcctgtcggcgcgaaccggccgatccgaacaggaagagcgggccctgcag
gacctggcgagtggcgacttcctccccggccgcggcctgctcgacatgaagagcggactcgccgtggccatagcctgtctcgaacaattcgcggccgacacggaccg
acagggcaatctcatgctggtcgccacccccgacgaggaacgggaaagccggggaatgcgatcgctccgggacgcgttgcccggcttggtcagggatttcgacatcg
aaatagccgggggcatcaacctcgacgtgacctcggatcagggcgacggcagcgaagggcgggccgtttacgccggcacgatcggcaagctcctaccctttgccct
ggtgatcggctgcagctctcatgcgagctaccccttcgaaggggtgagcgcacaggccatggcggccgggatcctggcacgcctggaagggaatgcttccctggcgg
atcgcgacgacaacgacatctcgccgccgccgatctgcctcgaggcgaaggatctgcgcgacggttacgaagtgacgacgccggagcgcttctggatagctttcaact
ggctctaccattcgatgacggcggacgcactctttgagcgcttccgagaggaggtgctgaccggcgcgaacgaggccatcgagacgtttgcggcacagtcggcggaa
tacggcaagctcgtcggcagaagtgcgggcggcctaccagccaagccgcgccttctgtcgttccaggaattgcgggcggcggctgcacgcgttttcgggcacggcttc
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gacgcattctatgccgagaaggaaagggaattcgcccagagcgacaacccgctcgtcgctacgcggcaacttactgagtggctcgtcggtatcgcgcgcctttccggc
cccgccatcgtcatcggcttctcgggattgcattatccgcccagccatctgcgcctggcggaaggaaacgaccgctcccttcatcaggcgatcgagaaggcgcgtgccg
gtcttggcaacgatcccgcgcgaagcctcatctggaagccgcatttttacggaatctccgacatgagtttcctcgggcttgccgccagcggcagccaggtcgtttcggac
aacaccccgatctcacgtctggtcgatcggccatccgaaaacgcgctgcgttttccgaccgtcaatctcggaccttggggacgggagttccaccagaagttcgagcgcg
tccatgaaccctacgcgttcagggtcctcccggagctcgtttccgaaatcgccaggaccttcctcggcgacgacagacacagggacGGTGGATCTCACCA
TCACCATCACCACtgaAAGCTT

pPG178 – Rhizobial gus expression plasmid (6861 bp):
45…1856 = gus coding sequence
2033…2827 = kanR coding sequence
3107…3652 = p15A oriV
3845…4059 = RK2 oriT
4263…4892 = pVS1 staA
5287…6393 = pVS1 repA
6459…6653 = pVS1 oriV
GAGCTCaccGAATTCccaCTCGAGccaGGATCCggaggtactgaatggtccgtcctgtagaaaccccaacccgtgaaatcaaaaaactcga
cggcctgtgggcattcagtctggatcgcgaaaactgtggaattgatcagcgttggtgggaaagcgcgttacaagaaagccgggcaattgctgtgccaggcagttttaacg
atcagttcgccgatgcagatattcgtaattatgcgggcaacgtctggtatcagcgcgaagtctttataccgaaaggttgggcaggccagcgtatcgtgctgcgtttcgatgc
ggtcactcattacggcaaagtgtgggtcaataatcaggaagtgatggagcatcagggcggctatacgccatttgaagccgatgtcacgccgtatgttattgccgggaaaa
gtgtacgtatcaccgtttgtgtgaacaacgaactgaactggcagactatcccgccgggaatggtgattaccgacgaaaacggcaagaaaaagcagtcttacttccatgatt
tctttaactatgccggaatccatcgcagcgtaatgctctacaccacgccgaacacctgggtggacgatatcaccgtggtgacgcatgtcgcgcaagactgtaaccacgcg
tctgttgactggcaggtggtggccaatggtgatgtcagcgttgaactgcgtgatgcggatcaacaggtggttgcaactggacaaggcactagcgggactttgcaagtggt
gaatccgcacctctggcaaccgggtgaaggttatctctatgaactgtgcgtcacagccaaaagccagacagagtgtgatatctacccgcttcgcgtcggcatccggtcag
tggcagtgaagggcgaacagttcctgattaaccacaaaccgttctactttactggctttggtcgtcatgaagatgcggacttgcgtggcaaaggattcgataacgtgctgat
ggtgcacgaccacgcattaatggactggattggggccaactcctaccgtacctcgcattacccttacgctgaagagatgctcgactgggcagatgaacatggcatcgtgg
tgattgatgaaactgctgctgtcggctttaacctctctttaggcattggtttcgaagcgggcaacaagccgaaagaactgtacagcgaagaggcagtcaacggggaaact
cagcaagcgcacttacaggcgattaaagagctgatagcgcgtgacaaaaaccacccaagcgtggtgatgtggagtattgccaacgaaccggatacccgtccgcaaggt
gcacgggaatatttcgcgccactggcggaagcaacgcgtaaactcgacccgacgcgtccgatcacctgcgtcaatgtaatgttctgcgacgctcacaccgataccatca
gcgatctctttgatgtgctgtgcctgaaccgttattacggatggtatgtccaaagcggcgatttggaaacggcagagaaggtactggaaaaagaacttctggcctggcagg
agaaactgcatcagccgattatcatcaccgaatacggcgtggatacgttagccgggctgcactcaatgtacaccgacatgtggagtgaagagtatcagtgtgcatggctg
gatatgtatcaccgcgtctttgatcgcgtcagcgccgtcgtcggtgaacaggtatggaatttcgccgattttgcgacctcgcaaggcatattgcgcgttggcggtaacaaga
aagggatcttcactcgcgaccgcaaaccgaagtcggcggcttttctgctgcaaaaacgctggactggcatgaacttcggtgaaaaaccgcagcagggaggcaaacaat
aaTCTAGAccaGTCGACaccAAGCTTCCACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTA
AGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGA
TCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCatgATTGAACAAGATGGATTGCACGCAGGT
TCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGA
TGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGC
CCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAG
CTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGAT
CTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCAT
ACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCG
GATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAA
CTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTG
CTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGC
GGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTG
ACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGA
CGAGTTCTTCtgaCCCggtaccTCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGAGGG
TGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGAATATGTGAT
ACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGGAA
ATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAGAG
GGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATCTGACGCTCAA
ATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCGTG
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CGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTCCA
CGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCA
GTCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCAC
CACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGCTA
AACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAG
CTCAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGC
AGACCAAAACGATCTCAAGAAGATCATCTTATTAAGGGGTCTGACGctcagtggaacgaaaactcacgTTAAGGGA
TTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAAT
CAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGactAGAGCTTccatccgc
ttgccctcatctgttacgccggcggtagccggccagcctcgcagagcaggattcccgttgagcaccgccaggtgcgaataagggacagtgaagaaggaacacccgct
cgcgggtgggcctacttcacctatcctgcccggctgacgccgttggatacaccaaggaaagtctacacgaaccctttggcaaaatcctgtatatcgtgcgAATTGAt
ccACCGTGCGGCTGCATGAAATCCTGGCCGGTTTGTCTGATGCCAAGCTGGCGGCCTGGCCGGCCAGCT
TGGCCGCTGAAGAAACCGAGCGCCGCCGTCTAAAAAGGTGATGTGTATTTGAGTAAAACAGCTTGCGT
CATGCGGTCGCTGCGTATATGATGCGATGAGTAAATAAACAAATACGCAAGGGGAACGCATGAAGGT
TATCGCTGTACTTAACCAGAAAGGCGGGTCAGGCAAGACgaccatcgcaacccatctagcCCGCGCCCTGCAACTC
GCCGGGGCCGATGTTCTGTTAGTCGATTCCGATCCCCAGGGCAGTGCCCGCGATTGGGCGGCCGTGCG
GGAAGATCAACCGCTAACCGTTGTCGGCATCGACCGCCCGACGATTGACCGCGACGTGAAGGCCATCG
GCCGGCGCGACTTCGTAGTGATCGACGGAGCGCCCCAGGCGGCGGACTTGGCTGTGTCCGCGATCAAG
GCAGCCGACTTCGTGCTGATTCCGGTGCAGCCAAGCCCTTACGACATATGGGCCACCGCCGACCTGGT
GGAGCTGGTTAAGCAGCGCATTGAGGTCACGGATGGAAGGCTACAAGCGGCCTTTGTCGTGTCGCGGG
CGATCAAAGGCACGCGCATCGGCGGTGAGGTTGCCGAGGCGCTGGCCGGGTACGAGCTGCCCATTCTT
GAGTCCCGTATCACGCAGCGCGTGAGCTACCCAGGCACTGCCGCCGCCGGCACAACCGTTCTTGAATC
AGAACCCGAGGGCGACGCTGCCCGCGAGGTCCAGGCGCTGGCCGCTGAAATTAAATCAAAACTCATTT
GAGTTAATGAGGTAAAGAGAAAATGAGCAAAAGCACAAACACGCTAAGTGCCGGCCGTCCGAGCGCA
CGCAGCAGCAAGGCTGCAACGTTGGCCAGCCTGGCAGACACGCCAGCCATGAAGCGGGTCAACTTTC
AGTTGCCGGCGGAGGATCACACCAAGCTGAAGATGTACGCGGTACGCCAAGGCAAGACCATTACCGA
GCTGCTATCTGAATACATCGCGCAGCTACCAGAGTAAATGAGCAAATGAATAAATGAGTAGATGAATT
TTAGCGGCTAAAGGAGGCGGCATGGAAAATCAAGAACAACCAGGCACCGACGCCGTGGAATGCCCCA
TGTGTGGAGGAACGGGCGGTTGGCCAGGCGTAAGCGGCTGGGTTGTCTGCCGGCCCTGCAATGGCACT
GGAACCCCCAAGCCCGAGGAATCGGCGTGACGGTCGCAAACCATCCGGCCCGGTACAAATCGGCGCG
GCGCTGGGTGATGACCTGGTGGAGAAGTTGAAGGCCGCGCAGGCCGCCCAGCGGCAACGCATCGAGG
CAGAAGCACGCCCCGGTGAATCGTGGCAAGCGGCCGCTGATCGAATCCGCAAAGAATCCCGGCAACC
GCCGGCAGCCGGTGCGCCGTCGATTAGGAAGCCGCCCAAGGGCGACGAGCAACCAGATTTTTTCGTTC
CGATGCTCTATGACGTGGGCACCCGCGATAGTCGCAGCATCATGGACGTGGCCGTTTTCCGTCTGTCG
AAGCGTGACCGACGAGCTGGCGAGGTGATCCGCTACGAGCTTCCAGACGGGCACGTAGAGGTTTCCG
CAGGGCCGGCCGGCATGGCCAGTGTGTGGGATTACGACCTGGTACTGATGGCGGTTTCCCATCTAACC
GAATCCATGAACCGATACCGGGAAGGGAAGGGAGACAAGCCCGGCCGCGTGTTCCGTCCACACGTTG
CGGACGTACTCAAGTTCTGCCGGCGAGCCGATGGCGGAAAGCAGAAAGACGACCTGGTAGAAACCTG
CATTCGGTTAAACACCACGCACGTTGCCATGCAGCGTACGAAGAAGGCCAAGAACGGCCGCCTGGTG
ACGGTATCCGAGGGTGAAGCCTTGATTAGCCGCTACAAGATCGTAAAGAGCGAAACCGGGCGGCCGG
AGTACATCGAGATCGAGCTAGCTGATTGGATGTACCGCGAGATCACAGAAGGCAAGAACCCGGACGT
GCTGACGGTTCACCCCGATTACTTTTTGATCGATCCCGGCATCGGCCGTTTTCTCTACCGCCTGGCACG
CCGCGCCGCAGGCAAGGCAGAAGCCAGATGGTTGTTCAAGACGATCTACGAACGCAGTGGCAGCGCC
GGAGAGTTCAAGAAGTTCTGTTTCACCGTGCGCAAGCTGATCGGGTCAAATGACCTGCCGGAGTACGA
TTTGAAGGAGGAGGCGGGGCAGGCTGGCCCGATCCTAGTCATGCGCTACCGCAACCTGATCGAGGGC
GAAGCATCCGCCGGTTCCTAATGTACGGAGCAGATGCTAGGGCAAATTGCCCTAGCAGGGGAAAAAG
GTCGAAAAGGTCTCTTTCCTGTGGATAGCACGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGG
AACCCGTACATTGGGAACCCAAAGCCGTACATTGGGAACCGGTCACACATGTAAGTGACTGATATAAA
AGAGAAAAAAGGCGATTTTTCCGCCTAAAACTCTTTAAAACTTATTAAAACTCTTAAAACCCGCCTGG
CCTGTGCATAACTGTCTGGCCAGCGCACAGCCGAAGAGCTGCAAAAAGCGCCTACCCTTCGGTCGCTG
CGCTCCCTACGCCCCGCCGCTTCGCGTCGGCCTATCGCGGCCGCTGGCCGCTCAAAAATGGCTGGCCTa
cggccaggcaatctaccagGGCGCGGACAAGCCGCGCCGTCGCCACTCGACCGCCGGCGCCCACATCAAGGCAC
CCTGCCT

pPG159 insert (SacI – PhrrP - EcoRI):
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gagctcTCTCGTCGAGAACGTAACCGTCTTGGTCAACGGCACGCAAGAGCCAATGTTTGCGGCCGCCGAT
GGAAATCACCACCTCGTCCAGATGCCAGATATCCTTTCGCGAAGGCCTCTTTCTGCACAACTGCCTGGC
ATAAGCCGTCCCGAATTTGCGACCCCATCTCCGGATCGTCTCATGGGAGACGACGATACCGCGCTCCA
GCAGCATTTCCTCGACCATCCTTAGGCTCAAAGGGAACCGAAAATACAGCCACACCGCACGGGCGATG
ATCTGCGGTGGAAAGCGGTGGTTCTTGTAGCTTACGGCCGGACTGTTCATCCCAACCCGTTATCCACAA
TCGTTAAGCCGCAGACAACGTGACATCGCCATGTCAACGTTTCGTCTCGGTTCACGGCCAGATCGCCA
ACCTCTTTCATCTCCATCGGAAACATCTCACCGCCAACGATCATCGCCAACTCCGCGCCCAAGCCGTCA
CCACCTGGCGTGAAATCGCATTGTCGATTGACGCCTGAAAAGCCGACGGTACCACCCTTCAGATCCTG
GCTTCCAATAAGGCGACGCCACCGCGGGAGCCTATCGGTCCGGATGACGGCTTGACCAACTCGAATCT
TTATCTTACATGACGGCATAACTACGACATAACGCGGATATTCCGTCgaattc

pPG161 insert (EcoRI – PsapA - XhoI):
gaattcAATCGGCGTTTTCGTGGCAACCAAGCACGAGAAGAACTCCGCCCCGATGGTCACCCTTGCGACT
GCCCATCCGGCAAAATTTCCCGCCGCAGTAAAATCGGCAAGTGGTATTGACCCCACGCTTCCGACGTG
GCTTGCTGATCTCATGACTAGGGCGGAGCGTTTCGACATCCTGGATCCGGAGCTCAAGAGCGTCGAAA
CCTTCATCGGCGAGCGTACCCGCGTTCGGGAATAGAGCGAAAGATCACGGctcgag

pPG168 insert (SacI – Ptrp - EcoRI):
gagctcGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAA
ACGACGGCCAGTGCCAAGCTTGGCAAATATACTGAAATAGGTGttgacaTTATTCCATCGAACTAGttaactA
GTACGAAAGTTCACATGAAGAGGGTATCTAAAATGGCAGCGACATTTGCATTACACGGTTGGTGGCGC
ACTTCCTGATAgaatt
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5.6 Supplementary tables and sequences for chapter 4
Table S-14. Plasmids used in this study.
Name

Brief description

Reference

pPG012

Parent plasmid for making XRBS plasmids. Contains an MCS, p15A and pVS1 origins, oriT, and kanamycin resistance

This study

pJG1082

Intermediate parent plasmid for making mScarlet-I-based XRBS plasmids

This study

pAB215

Intermediate parent plasmid for making msfGFP-based XRBS plasmids

This study

pAB154

mScarlet-I expression plasmid harboring FL_A XRBS

This study

pAB155

mScarlet-I expression plasmid harboring T1_A XRBS

This study

pAB156

mScarlet-I expression plasmid harboring T2_A XRBS

This study

pAB157

mScarlet-I expression plasmid harboring T3_A XRBS

This study

pAB161

mScarlet-I expression plasmid harboring FL_G XRBS

This study

pAB162

mScarlet-I expression plasmid harboring T1_G XRBS

This study

pAB163

mScarlet-I expression plasmid harboring T2_G XRBS

This study

pAB164

mScarlet-I expression plasmid harboring T3_G XRBS

This study

pAB172

mScarlet-I expression plasmid harboring CON_G XRBS

This study

pAB173

mScarlet-I expression plasmid harboring CON_A XRBS

This study

pAB174

mScarlet-I expression plasmid harboring CON_GT1 XRBS

This study

pAB175

mScarlet-I expression plasmid harboring CON_GT2 XRBS

This study

pAB176

mScarlet-I expression plasmid harboring CON_GT3 XRBS

This study

pAB177

mScarlet-I expression plasmid harboring CON_GT4 XRBS

This study

pAB187

mScarlet-I expression plasmid harboring KpnI_Spc XRBS

This study

pAB188

mScarlet-I expression plasmid harboring EcoRI_Spc XRBS

This study

pAB189

mScarlet-I expression plasmid harboring BamHI_Spc XRBS

This study

pAB190

mScarlet-I expression plasmid harboring SacI_Spc XRBS

This study

pAB191

mScarlet-I expression plasmid harboring Spc_T1 XRBS

This study

pAB192

mScarlet-I expression plasmid harboring Spc_T2 XRBS

This study

pAB193

mScarlet-I expression plasmid harboring GGT XRBS

This study

pAB216

msfGFP expression plasmid harboring CON_G XRBS

This study

pAB217

msfGFP expression plasmid harboring CON_GT4 XRBS

This study
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pAB218

msfGFP expression plasmid harboring T3_G XRBS

This study

pAB219

msfGFP expression plasmid harboring GGT XRBS

This study

pAB230

msfGFP expression plasmid with C-terminal 6His tag harboring CON_G XRBS

This study

pAB231

msfGFP expression plasmid with C-terminal 6His tag harboring CON_GT4 XRBS

This study

pAB232

msfGFP expression plasmid with C-terminal 6His tag harboring T3_G XRBS

This study

pAB233

msfGFP expression plasmid with C-terminal 6His tag harboring GGT XRBS

This study
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Table S-15. Primers used in this study.
Name

Sequence

Notes

1879

cgcGGATCCccggtgagatctcgatcc

FOR: PlacT5-XRBS-GFP from pED021. Cloned into pPG012

1880

CGCgtcgacttaCTTGTACAGCTCGTCCATGC

REV: PlacT5-XRBS-GFP from pED021. Cloned into pPG012

1897

FOR: mScarlet-I with FL_A XRBS from AddGene clone 85044

1898

ggcTCTAGAaataattttgtttaactttaagaaggagatatacatATGGTGAGCAAGG
GCGAG
gctgAAGCttaCTTGTACAGCTCGTCCATGC

1936

cgcTCTAGAtttaactttaagaaggagatatac

FOR: T1_A XRBS derivative

1952

cgcTCTAGAtttaagaaggagatatacatATGG

FOR: T2_A XRBS derivative

1937

cgcTCTagaaggagatatacatATGGTG

FOR: T3_A XRBS derivative

oAB377

gcgTCTAGAaataattttgtttaactttaagaaggagGtatacatATG

FOR: FL_G XRBS derivative

oAB378

gcgTCTAGAtttaactttaagaaggagGtatacatATG

FOR: T1_G XRBS derivative

1958

CGCTCTAGAtttaagaaggagGtatacatatggtg

FOR: T2_G XRBS derivative

1955

CGCTCTagaaggagGtatacatatggtgag

FOR: T3_G XRBS derivative

oAB439

GCGtctagaTTAACTTTaggagAtatacatATG

FOR: CON_A XRBS derivative

oAB416

CGCtctagaTTAACTTTAGGAGGTatacatATG

FOR: CON_G XRBS derivative

oAB441

CGCtctagaTAACTTTAGGAGGTatacatATG

FOR: CON_GT1 XRBS derivative.

oAB442

CGCtctagaAACTTTAGGAGGTatacatATG

FOR: CON_GT2 XRBS derivative.

oAB443

CGCtctagaACTTTAGGAGGTatacatATG

FOR: CON_GT3 XRBS derivative.

oAB444

CGCtctagaCTTTAGGAGGTatacatATG

FOR: CON_GT4 XRBS derivative.

oAB447

CGCtctagaCTTTAGGAGGTacccatATGGTGAGCAAGGGCGAG

FOR: KpnI_Spc XRBS derivative.

oAB448

CGCtctagaCTTTAGGAGGTgaattcATGGTGAGCAAGGGCGAG

FOR: EcoRI_Spc XRBS derivative.

oAB449

CGCtctagaCTTTAGGAGGTggatccATGGTGAGCAAGGGCGAG

FOR: BamHI_Spc XRBS derivative.

oAB450

CGCtctagaCTTTAGGAGGTgagctcATGGTGAGCAAGGGCGAG

FOR: SacI_Spc XRBS derivative.

oAB451

CGCtctagaCTTTAGGAGGTataatATGGTGAGCAAGGGCGAG

FOR: Spc_T1 XRBS derivative.

oAB452

CGCtctagaCTTTAGGAGGTatatATGGTGAGCAAGGGCGAG

FOR: Spc_T2 XRBS derivative.

oAB453

CGCtctagaGGTatacatATGGTGAGCAAGGGCGAG

FOR: GGT XRBS derivative.

oAB454

gcgTCTAGAaataattttgtttaactttaagaaggagatataCATatgAGTAAAGGTG
AAGAGCTGTTCACCGGGGTG
cgcGGATCCaaTTGCCAgctggagcgccctctggTAAGGTtgggaagTCTAG
AttaactttaggagGtatacatATGAGTAAAGGTGAAG

FOR: Altering first four codons of msfGFP

oAB455
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REV: mScarlet-I FL_A and most XRBS variants

FOR: CON_G XRBS upstream of msfGFP

oAB456
oAB457
oAB458
oAB459
oAB466

cgcGGATCCaaTTGCCAgctggagcgccctctggTAAGGTtgggaagTCTAG
ActttaggaggtatacatATGAGTAAAGGTGAAG
cgcGGATCCaaTTGCCAgctggagcgccctctggTAAGGTtgggaagTCTAG
AaggagGtatacatATGAGTAAAGGTGAAG
cgcGGATCCaaTTGCCAgctggagcgccctctggTAAGGTtgggaagTCTAG
AggtatacatATGAGTAAAGGTGAAG
CTGTGGAAGCTTggtGTCgac

FOR: CON_GT4 upstream of msfGFP

cgcGTCGACTTAGTGGTGATGGTGATGGTGACCTCCACCCTTG
TACAGCTCGTCCATGC

REV: Incorporates a gly-gly-gly-His6 tag at the CT end of msfGFP
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FOR: T3_G upstream of msfGFP
FOR: GGT upstream of msfGFP
REV: msfGFP from pAB215.

pJG1082 plasmid sequence (5908 bp – g10RBS and initiation codon capitalized):
gagctcaccgaattcccactcgagccaggatccccggtgagatctcgatcccgcgaaataattgtgagcggataacaattacgagcttcatgcacagtgaaatcatgaaaaatttatttgctttgtgagcggataacaat
tataatatgtggaattgtgagcgctcacaattccacaacggtTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGgtgagcaagggcgaggcagtgatc
aaggagttcatgcggttcaaggtgcacatggagggctccatgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtgg
ccccctgcccttctcctgggacatcctgtcccctcagttcatgtacggctccagggccttcatcaagcaccccgccgacatccccgactactataagcagtccttccccgagggcttcaagtgggagcgcgtgatgaa
cttcgaggacggcggcgccgtgaccgtgacccaggacacctccctggaggacggcaccctgatctacaaggtgaagctccgcggcaccaacttccctcctgacggccccgtaatgcagaagaagacaatgggc
tgggaagcgtccaccgagcggttgtaccccgaggacggcgtgctgaagggcgacattaagatggccctgcgcctgaaggacggcggccgctacctggcggacttcaagaccacctacaaggccaagaagccc
gtgcagatgcccggcgcctacaacgtcgaccgcaagttggacatcacctcccacaacgaggactacaccgtggtggaacagtacgaacgctccgagggccgccactccaccggcggcatggacgagctgtaca
agtaagcttccacagcaagcgaaccggaattgccagctggggcgccctctggtaaggttgggaagccctgcaaagtaaactggatggctttcttgccgccaaggatctgatggcgcaggggatcaagatctgatca
agagacaggatgaggatcgtttcgcatgattgaacaagatggattgcacgcaggttctccggccgcttgggtggagaggctattcggctatgactgggcacaacagacaatcggctgctctgatgccgccgtgttcc
ggctgtcagcgcaggggcgcccggttctttttgtcaagaccgacctgtccggtgccctgaatgaactgcaggacgaggcagcgcggctatcgtggctggccacgacgggcgttccttgcgcagctgtgctcgacgt
tgtcactgaagcgggaagggactggctgctattgggcgaagtgccggggcaggatctcctgtcatctcaccttgctcctgccgagaaagtatccatcatggctgatgcaatgcggcggctgcatacgcttgatccgg
ctacctgcccattcgaccaccaagcgaaacatcgcatcgagcgagcacgtactcggatggaagccggtcttgtcgatcaggatgatctggacgaagagcatcaggggctcgcgccagccgaactgttcgccaggc
tcaaggcgcgcatgcccgacggcgaggatctcgtcgtgacccatggcgatgcctgcttgccgaatatcatggtggaaaatggccgcttttctggattcatcgactgtggccggctgggtgtggcggaccgctatcag
gacatagcgttggctacccgtgatattgctgaagagcttggcggcgaatgggctgaccgcttcctcgtgctttacggtatcgccgctcccgattcgcagcgcatcgccttctatcgccttcttgacgagttcttctgaccc
ggtacctcagcgctagcggagtgtatactggcttactatgttggcactgatgagggtgtcagtgaagtgcttcatgtggcaggagaaaaaaggctgcaccggtgcgtcagcagaatatgtgatacaggatatattccg
cttcctcgctcactgactcgctacgctcggtcgttcgactgcggcgagcggaaatggcttacgaacggggcggagatttcctggaagatgccaggaagatacttaacagggaagtgagagggccgcggcaaagcc
gtttttccataggctccgcccccctgacaagcatcacgaaatctgacgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctggcggctccctcgtgcgctctcctgttcctgcc
tttcggtttaccggtgtcattccgctgttatggccgcgtttgtctcattccacgcctgacactcagttccgggtaggcagttcgctccaagctggactgtatgcacgaaccccccgttcagtccgaccgctgcgccttatcc
ggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcagccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaaggacaagttttggtgac
tgcgctcctccaagccagttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaaggcggttttttcgttttcagagcaagagattacgcgcagaccaaaacgatctcaagaagatcatc
ttattaaggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttg
gtctgacagttaccaatgcttaatcagactagagcttccatccgcttgccctcatctgttacgccggcggtagccggccagcctcgcagagcaggattcccgttgagcaccgccaggtgcgaataagggacagtgaa
gaaggaacacccgctcgcgggtgggcctacttcacctatcctgcccggctgacgccgttggatacaccaaggaaagtctacacgaaccctttggcaaaatcctgtatatcgtgcgaattgatccaccgtgcggctgc
atgaaatcctggccggtttgtctgatgccaagctggcggcctggccggccagcttggccgctgaagaaaccgagcgccgccgtctaaaaaggtgatgtgtatttgagtaaaacagcttgcgtcatgcggtcgctgcg
tatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaaggttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagcccgcgccctgcaactcgccgggg
ccgatgttctgttagtcgattccgatccccagggcagtgcccgcgattgggcggccgtgcgggaagatcaaccgctaaccgttgtcggcatcgaccgcccgacgattgaccgcgacgtgaaggccatcggccggc
gcgacttcgtagtgatcgacggagcgccccaggcggcggacttggctgtgtccgcgatcaaggcagccgacttcgtgctgattccggtgcagccaagcccttacgacatatgggccaccgccgacctggtggagc
tggttaagcagcgcattgaggtcacggatggaaggctacaagcggcctttgtcgtgtcgcgggcgatcaaaggcacgcgcatcggcggtgaggttgccgaggcgctggccgggtacgagctgcccattcttgagt
cccgtatcacgcagcgcgtgagctacccaggcactgccgccgccggcacaaccgttcttgaatcagaacccgagggcgacgctgcccgcgaggtccaggcgctggccgctgaaattaaatcaaaactcatttga
gttaatgaggtaaagagaaaatgagcaaaagcacaaacacgctaagtgccggccgtccgagcgcacgcagcagcaaggctgcaacgttggccagcctggcagacacgccagccatgaagcgggtcaactttca
gttgccggcggaggatcacaccaagctgaagatgtacgcggtacgccaaggcaagaccattaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagcaaatgaataaatgagtagatgaatttta
gcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgccgtggaatgccccatgtgtggaggaacgggcggttggccaggcgtaagcggctgggttgtctgccggccctgcaatggcact
ggaacccccaagcccgaggaatcggcgtgacggtcgcaaaccatccggcccggtacaaatcggcgcggcgctgggtgatgacctggtggagaagttgaaggccgcgcaggccgcccagcggcaacgcatcg
aggcagaagcacgccccggtgaatcgtggcaagcggccgctgatcgaatccgcaaagaatcccggcaaccgccggcagccggtgcgccgtcgattaggaagccgcccaagggcgacgagcaaccagattttt
tcgttccgatgctctatgacgtgggcacccgcgatagtcgcagcatcatggacgtggccgttttccgtctgtcgaagcgtgaccgacgagctggcgaggtgatccgctacgagcttccagacgggcacgtagaggtt
tccgcagggccggccggcatggccagtgtgtgggattacgacctggtactgatggcggtttcccatctaaccgaatccatgaaccgataccgggaagggaagggagacaagcccggccgcgtgttccgtccaca
cgttgcggacgtactcaagttctgccggcgagccgatggcggaaagcagaaagacgacctggtagaaacctgcattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgc
ctggtgacggtatccgagggtgaagccttgattagccgctacaagatcgtaaagagcgaaaccgggcggccggagtacatcgagatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaaccc
ggacgtgctgacggttcaccccgattactttttgatcgatcccggcatcggccgttttctctaccgcctggcacgccgcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggca
gcgccggagagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtcaaatgacctgccggagtacgatttgaaggaggaggcggggcaggctggcccgatcctagtcatgcgctaccgcaacctgatcg
agggcgaagcatccgccggttcctaatgtacggagcagatgctagggcaaattgccctagcaggggaaaaaggtcgaaaaggtctctttcctgtggatagcacgtacattgggaacccaaagccgtacattgggaa
ccggaacccgtacattgggaacccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagagaaaaaaggcgatttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcctgg
cctgtgcataactgtctggccagcgcacagccgaagagctgcaaaaagcgcctacccttcggtcgctgcgctccctacgccccgccgcttcgcgtcggcctatcgcggccgctggccgctcaaaaatggctggcct
acggccaggcaatctaccagggcgcggacaagccgcgccgtcgccactcgaccgccggcgcccacatcaaggcaccctgcct
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pAB215 plasmid sequence (5937 bp – g10RBS and initiation codon capitalized):
gagctcaccgaattcccactcgagccaggatccccggtgagatctcgatcccgcgaaataattgtgagcggataacaattacgagcttcatgcacagtgaaatcatgaaaaatttatttgctttgtgagcgg
ataacaattataatatgtggaattgtgagcgctcacaattccacaacggtTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGagtaaaggt
gaagagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgcgcggcgagggcgagggcgatgccaccaacggcaagctgaccctgaagt
tcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatg
cccgaaggctacgtccaggagcgcaccatctccttcaaggacgacggcacctacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgactt
caaggaggacggcaacatcctggggcacaagctggagtacaacttcaacagccacaacgtctatatcacggccgacaagcagaagaacggcatcaaggcgaacttcaagatccgccacaacgtcg
aggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccaagctgagcaaagaccccaacga
gaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaagtcgacaccaagcttccacagcaagcgaaccggaattgccagctggg
gcgccctctggtaaggttgggaagccctgcaaagtaaactggatggctttcttgccgccaaggatctgatggcgcaggggatcaagatctgatcaagagacaggatgaggatcgtttcgcatgattgaa
caagatggattgcacgcaggttctccggccgcttgggtggagaggctattcggctatgactgggcacaacagacaatcggctgctctgatgccgccgtgttccggctgtcagcgcaggggcgcccggt
tctttttgtcaagaccgacctgtccggtgccctgaatgaactgcaggacgaggcagcgcggctatcgtggctggccacgacgggcgttccttgcgcagctgtgctcgacgttgtcactgaagcgggaag
ggactggctgctattgggcgaagtgccggggcaggatctcctgtcatctcaccttgctcctgccgagaaagtatccatcatggctgatgcaatgcggcggctgcatacgcttgatccggctacctgccca
ttcgaccaccaagcgaaacatcgcatcgagcgagcacgtactcggatggaagccggtcttgtcgatcaggatgatctggacgaagagcatcaggggctcgcgccagccgaactgttcgccaggctca
aggcgcgcatgcccgacggcgaggatctcgtcgtgacccatggcgatgcctgcttgccgaatatcatggtggaaaatggccgcttttctggattcatcgactgtggccggctgggtgtggcggaccgct
atcaggacatagcgttggctacccgtgatattgctgaagagcttggcggcgaatgggctgaccgcttcctcgtgctttacggtatcgccgctcccgattcgcagcgcatcgccttctatcgccttcttgacg
agttcttctgacccggtacctcagcgctagcggagtgtatactggcttactatgttggcactgatgagggtgtcagtgaagtgcttcatgtggcaggagaaaaaaggctgcaccggtgcgtcagcagaat
atgtgatacaggatatattccgcttcctcgctcactgactcgctacgctcggtcgttcgactgcggcgagcggaaatggcttacgaacggggcggagatttcctggaagatgccaggaagatacttaaca
gggaagtgagagggccgcggcaaagccgtttttccataggctccgcccccctgacaagcatcacgaaatctgacgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgttt
ccccctggcggctccctcgtgcgctctcctgttcctgcctttcggtttaccggtgtcattccgctgttatggccgcgtttgtctcattccacgcctgacactcagttccgggtaggcagttcgctccaagctgg
actgtatgcacgaaccccccgttcagtccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcagccactggtaattgatttagaggagt
tagtcttgaagtcatgcgccggttaaggctaaactgaaaggacaagttttggtgactgcgctcctccaagccagttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaag
gcggttttttcgttttcagagcaagagattacgcgcagaccaaaacgatctcaagaagatcatcttattaaggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaa
aaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagactagagcttccatccgcttgccctcatctgttac
gccggcggtagccggccagcctcgcagagcaggattcccgttgagcaccgccaggtgcgaataagggacagtgaagaaggaacacccgctcgcgggtgggcctacttcacctatcctgcccggct
gacgccgttggatacaccaaggaaagtctacacgaaccctttggcaaaatcctgtatatcgtgcgaattgatccaccgtgcggctgcatgaaatcctggccggtttgtctgatgccaagctggcggcctg
gccggccagcttggccgctgaagaaaccgagcgccgccgtctaaaaaggtgatgtgtatttgagtaaaacagcttgcgtcatgcggtcgctgcgtatatgatgcgatgagtaaataaacaaatacgcaa
ggggaacgcatgaaggttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagcccgcgccctgcaactcgccggggccgatgttctgttagtcgattccgatcc
ccagggcagtgcccgcgattgggcggccgtgcgggaagatcaaccgctaaccgttgtcggcatcgaccgcccgacgattgaccgcgacgtgaaggccatcggccggcgcgacttcgtagtgatcg
acggagcgccccaggcggcggacttggctgtgtccgcgatcaaggcagccgacttcgtgctgattccggtgcagccaagcccttacgacatatgggccaccgccgacctggtggagctggttaagc
agcgcattgaggtcacggatggaaggctacaagcggcctttgtcgtgtcgcgggcgatcaaaggcacgcgcatcggcggtgaggttgccgaggcgctggccgggtacgagctgcccattcttgagt
cccgtatcacgcagcgcgtgagctacccaggcactgccgccgccggcacaaccgttcttgaatcagaacccgagggcgacgctgcccgcgaggtccaggcgctggccgctgaaattaaatcaaaa
ctcatttgagttaatgaggtaaagagaaaatgagcaaaagcacaaacacgctaagtgccggccgtccgagcgcacgcagcagcaaggctgcaacgttggccagcctggcagacacgccagccatg
aagcgggtcaactttcagttgccggcggaggatcacaccaagctgaagatgtacgcggtacgccaaggcaagaccattaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagca
aatgaataaatgagtagatgaattttagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgccgtggaatgccccatgtgtggaggaacgggcggttggccaggcgtaagc
ggctgggttgtctgccggccctgcaatggcactggaacccccaagcccgaggaatcggcgtgacggtcgcaaaccatccggcccggtacaaatcggcgcggcgctgggtgatgacctggtggaga
agttgaaggccgcgcaggccgcccagcggcaacgcatcgaggcagaagcacgccccggtgaatcgtggcaagcggccgctgatcgaatccgcaaagaatcccggcaaccgccggcagccggt
gcgccgtcgattaggaagccgcccaagggcgacgagcaaccagattttttcgttccgatgctctatgacgtgggcacccgcgatagtcgcagcatcatggacgtggccgttttccgtctgtcgaagcgt
gaccgacgagctggcgaggtgatccgctacgagcttccagacgggcacgtagaggtttccgcagggccggccggcatggccagtgtgtgggattacgacctggtactgatggcggtttcccatctaa
ccgaatccatgaaccgataccgggaagggaagggagacaagcccggccgcgtgttccgtccacacgttgcggacgtactcaagttctgccggcgagccgatggcggaaagcagaaagacgacct
ggtagaaacctgcattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgcctggtgacggtatccgagggtgaagccttgattagccgctacaagatcgtaaag
agcgaaaccgggcggccggagtacatcgagatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaacccggacgtgctgacggttcaccccgattactttttgatcgatcccggcat
cggccgttttctctaccgcctggcacgccgcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggcagcgccggagagttcaagaagttctgtttcaccgtgcgca
agctgatcgggtcaaatgacctgccggagtacgatttgaaggaggaggcggggcaggctggcccgatcctagtcatgcgctaccgcaacctgatcgagggcgaagcatccgccggttcctaatgtac
ggagcagatgctagggcaaattgccctagcaggggaaaaaggtcgaaaaggtctctttcctgtggatagcacgtacattgggaacccaaagccgtacattgggaaccggaacccgtacattgggaac
ccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagagaaaaaaggcgatttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcctggcctgtgcataactgt
ctggccagcgcacagccgaagagctgcaaaaagcgcctacccttcggtcgctgcgctccctacgccccgccgcttcgcgtcggcctatcgcggccgctggccgctcaaaaatggctggcctacggc
caggcaatctaccagggcgcggacaagccgcgccgtcgccactcgaccgccggcgcccacatcaaggcaccctgcct
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